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ABSTRACT 
Several applications of polymer-supported phosphorus 
reagents have been examined. 
The deoxygenation of nitrosoarenes by both silica- and 
polystyrene-supported diphenyiphosphine is found to occur 
normally, although the use of this reaction in mechanistic 
studies was prevented by a subsequent reaction between - the 
ni t-rn 	ind +-h 	aiirvrr4- 
Dialkylphosphino-functjonaljsed polystyrenes have been 
successfully prepared. These reagents behave normally in 
the deoxygenation of nitrosoarenes, but fail to react with 
nitroarenes. Instead they undergo apparent rearrangement 
to pentacoordinate phosphorus species. 
Supported phosphinates have also been prepared by the 
reaction of dialkyiphosphinopolystyrenes with alkyl halides. 
Attempts to use these phosphinates in olefin synthesis via 
the Wadsworth-Emmons reaction proved unsuccessful. 
Explanations are offered for all of the above results. 
Silica-supported diphenyiphosphine has been used success-
fully in the Wittig reaction. 	Olefin yields are good, while 
the stereoselectivitjes obtained are similar to conventional 
reactions. 	The silica-supported phosphine is also found to 
be effective in the conversion of alcohols into alkyl chlorides. 
The use of silica, rather than polystyrene, as a support 
material was found to offer several practical advantages. 
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1. 	POLYMER SUPPORTS 
1.1 	Historical Note 
Since Merrifield's initial work utilising solid 
phase synthesis in the peptide field, the use of polymer 
supports in organic synthesis has rapidly multiplied. 	The 
extent of this growth is reflected by the numerous reviews 
which have been published 2 , at the rate of two or three a 
year over the past ten years. 	This period has seen the 
development of the topic from the earlier work involving 
sequential synthesis of polypeptides 3 iLnucleotides 4 , and 
polysaccharides 5 . 	Modern roles include the use of supported 
reagents to carry out normal synthetic reactions 2(q),  to 
mimic enzyme catalysis, and as protecting groups in organic 
synthesis 2(o),6 
1.2 	Terminology 
The development of this new field has led to the 
invention of a number of specialised terms. As yet, however, 
no single convention has been adopted by all workers. 	The 
term supported refers to the situation where a chemical species 
is bound, ionically or covalently, to some support material. 
Alternatives such as anchored or attached are commonly used. 
This situation differs from that of reagents adsorbed on, or 
incalated in, insoluble supports such as silica or alumina, 
recently reviewed by McKillop and Young 7 . 	Unfortunately 
these authors also use the term supported to describe their 
systems. 
Solid-phase synthesis, the term originally introduced 
by Merrifield 1 , is still used. 	Others include polymeric 
reagent, functionalised polymer, and variations where the 
support materials and/or the chemical species are named, such 
as silica-supported reagent, bromopolystyrene, and polystyryl-
boronic acid. 	The term resin can be substituted for polymer, 
as in Merrifield resin when referring to Chioromethylated 
polystyrene, though this usually indicates a three-dimensional 
network and thus a crosslinked insoluble support. 	This lack of 
systematic terminology makes any literature search a time-
consuming and haphazard affair. 
The situation is no clearer as regards the schematic 
representations, of which Fig.1 illustrates a few in common 
use. 	Structures (la) and (ib) usually indicate an organic 
polymer support,whereas (lb) shows the nature of the pendant 
group. 	(lc) specifically refers to a substituted polystyrene 
(though not necessarily with every phenyl ring brominated) 
and (ld) may refer to an organic or inorganic support. 	In 
all cases reference to the text is needed to unambiguously 
define these symbols and to avoid confusion. 
1.3 	Advantages 
There are undoubtedly a number of practical advantages 
in using polymer-supported reagents. A few of the more oft-
quoted ones are discussed below. 
1.3.1 Simplification of Work-up 
Firstly, separation of the supported species from non-
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offers anumber of possibilities. 	For example, toxic and 
odorous chemicals become easier to handle without elaborate 
precautions (which are still required in the synthesis of the 
supported reagents). 	Moreover, excess of supported or non- 
supported reagent can be used to increase yields without 
causing separation problems. 
Secondly, the use of a supported reagent allows the 
possibility of recycling spent reagent and the use of column 
techniques or automation. 	This is exemplified by the now 
classical case of peptide synthesis utilising the Stewart-
Merrifield automatic synthesiser 8 . 
1.3.2 Mutual Exclusion 
By attaching reagents to polymer supports, the possibility 
exists of reacting two reactants with a third, free reaent, 
whilst precluding reaction between the supported reagents. 
The first synthetic example of this involved the acylation of 
enolisable compounds 9 . 	In this instance,the use of resino- 
trityllithiuin and resinonitrophenyl ester prevented acylation 
of the former by the latter,so that addition of the enolisable 
compound resulted in a high yield of product (Scheme 1). 	No 
reaction occurred when both polymers were merely suspended 
together in THF or DME without the enolis able compound being 
present. 
Thus,any reaction involving functional groups supported 
on different crosslinked polymers can only occur if a free 
species is present which can diffuse out of one polymer and 
into the other. 	The convertend, that the occurrence of 
overall reaction indicates the existence of some free 
Table 1. The Three Phase Test 
Precursor 	Trap 	Intermediate 	Ref 
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intermediate, has been neatly exploited by Rebek and forms 
the basis of the three-phase test 10 (Scheme 2). 	Briefly the 
test is as follows: a precursor for a suspected intermediate is 
supported on one polymer whilst a trapping agent is supported 
on a second polymer. 	Some reagent capable of generating the 
intermediate is then added to the solution phase and the 
appearance of polymer-bound adduct is used to indicate the 
presence of a free intermediate. 	No information is obtained, 
however, about its structure and this can only be inferred. 
The technique has been used to detect the existence of 
a number of reactive intermediates, of which a few are detailed 
in Table 1. 	Examples (e) and () are slight variations in 
which the test is used to distinguish between intramolecular 
and intermolecular rearrangements. 	The Fries rearrangexent13 
was shown to involve a polymer-free acylating agent, for which 
the acylium ion structure was proposed, whilst in the reaction 
of isocyanates with carboxylic acids 15 , acylation involving 
some free species was shown to occur,rather than intramolecular 
O-N acyl migration. 	The symmetrical anhydride (2) was 
proposed. 
1.3.3 Site-Isolation - Advantage or Disadvantage? 
One aspect of supported reagents,which has been the subject 
of much work, concerns the interactions between separate reactive 
sites on the polymer network. 	This phenomenon, or rather the 
lack of it, has resulted in the concept of site-isolation, also 
referred to as matrix-isolation, pseudo-dilution or infinite- 
dilution, as well as hyperentropic efficacy. 	In essence it 
is argued that functional groups attached to a polymer-support 
p 	OH 	D—<c}----OCO9HNHX 
NO2 	 " NO2 
-x >  
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Scheme 5 (Ref 19) 
become less mobile than their solution counterparts, thereby 
diminishing or, in fortuitous cases, eliminating any inter-
molecular interactions. 
The first application of site-isolation, reported by 
Fridkin et al. 17, involved the intramolecular cyclisation of 
polymer-bound molecules to form cyclic peptides. 	They 
obtained good yields of both cyclo-(gly-gly) and cyclo-(tetra- 
L-ala) using polymeric active esters (Scheme 3). 	Russian 
workers also prepared the glycine analogue of the cyclic 
decapeptide Gramicidin-S, by stepwise synthesis of the linear 
peptide, followed by intramolecular cyclisation and cleavage 
from the support 18 	(Scheme 4). 	In other work, cyclic di-, 
tetra-, and hexa-peptides were prepared, in reasonable yield, 
by a combination of Merrifieldts synthesis and the active ester 
approach 19 (Scheme 5). 
This idea has been applied with varying success in the 
field of polymer-supported catalysts,to prevent catalyst 
deactivation by dimerisation or agglomeration. 	For example, 
in olefin hydrogenation a supported titanium catalyst 20  
(Scheme 6) on a 20% cross-linked resin was found to be 25-120 
times more reactive than the homogeneous species, which 
dimerised rapidly to an inactive form (3). 
In another instance a polymer-support was used to achieve 
coordinative unsaturation at a transition metal centre 21 . 
Normally, simple cobalt(II) tetraphenylporphyrins show little 
activity as oxygen carriers unless a single imidazole is 
complexed to give a 5-coordinate cobalt complex. 	However, 
treatment of the Co(II) porphyrin with 1-methylimidazole gives 
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a 6-coordinate complex, with imidazole or solvent occupying 
the sixth site, which is inactive as an oxygen carrier. 	The 
use of a polystyrene-supported imidazole allowed the formation 
of a 5-coordinate cobalt complex which bound oxygen on contact 
with air at 25°C (Scheme 7). 	In this case, the polymer 
backbone prevented two imidazole groups from reaching the 
cobalt atom and matrix-isolation was achieved. 	In contrast, 
it was found that a 6-coordinate bis(imidazole) complex resulted 
from the treatment of the iron analogue, Fe(II) tetraphenyl- 
22 porphyrin,with the polystyryl-imiciazole , hence in this case 
matrix-isolation proved unsuccessful. 
Perhaps the most significant success achieved with site-
isolation was by Mazur and Jayalekshmy 23, who generated o-benzyne 
supported on a 2% crosslinked resin, Biobead S-X2 (Scheme 8). 
By delayed trapping experiments, in which tetraphenylcyclo-
pentadienone was added up to six minutes after N 2 evolution. 
had ceased, cleavage from the support afforded the expected 
adduct (4). 	From a purely empirical approach, the authors 
derived an approximate quantitative result which showed that the 
encounter frequency of reactive sites on the polymer (loading 
0.89 mmol/g or 12% of pendant sites) was comparable to reaction 
in a typical solvent at a concentration of about 10 -11  M. 
(Thus the origin of the term pseudo-dilution). 
This success would seem to conflict dramatically with the 
results of Crowley's group 24 , who studied the extent of site-
site interactions using a Biobead S-X2 resin which carried 
carboxymethyl groups. The carboxyl groups were converted into 
intraresin anhydrides and subsequently analysed by further 
conversion into radio-labelled amide (Scheme 9). 	Their results 
COOH 	





Scheme 10 (Ref 25) 
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Scheme 11 (Ref 26 and 27) 
showed that extensive site-site interactions occurred at 
very low resin substitution (Fig.2) but it must be noted that 
the resins were recycled and the conditions were chosen to 
maximise anhydride formation. 	A similar study by Rebek 
et al. 25 with carboxylated polystyrenes, again involving 
anhydride formation (Scheme 10), indicated that even in highly 
crosslinked polystyrene copolymers (Biobead SM2, 20% cross-
linked) significant site-site interaction took place. 
Several other groups have attempted to utilise the matrix 
isolation effect in organic synthesis, with hotly debated 
results. 	Both monoacylation 26 and monoalkylation27 of ester 
enolates have been achieved (Scheme 11) in gOod yields and 
without the normal drawbacks of self-condensation and poly- 
acylation or polyalkylation. 	In contrast, the normal reaction 
between ethyl phenylacetate and p-nitrobenzoyl chloride affords 
the monoacyl compound (22%), plus four other products. 
These results were severely criticised by Crowley and 
Rapoport (see Ref.2(f), p.140), who claimed that this data 
could not be used to support site-isolation. 	These authors 
argued that,kinetically, the Claisen condensation between two 
supported esters could not compete with the acylation reaction, 
and so the absence of any Claisen condensation product should 
not be interpreted as evidence for the achievement of site- 
isolation. 	Secondly, they claimed that Patchornjk's control 
experiments carried out in solution were invalid, as no 
allowance was made for the high-dilution and purification 
effects of the polymer. 	In particular, any undesired reaction 
products from the non-enolisable acid chlorides and anhydrides 
(S~— 	 RCH2CO2H ,& CH2000CH2R 
ArC 02  H p. 
CH 2 OCOAr 
CH 2 OCOCH 2 R 
CH 2 OCOAr 
Ph 3C Li' 
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&—CH2Br + RCH 2 COAr 
CH 2 OH COAr 
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Scheme 12 (Ref 28) 
Table 2 	The Synthesis of Alkyl Aryl Ketones 
Molar Ratio 	 Ketone YeiLd 
RCHaCO a H/ArCOH 
1:3 	 35 
1:10 85 
1: 25 	 95 





in the polymer reactions were removed from the desired 
polymer-bound products in a step prior to cleavage. 	This 
step had no analogue in the solution control examples. 
In the final analysis, however, it must be noted that 
the polymer reactions give cleaner products and higher yields 
than can normally be obtained by conventional methods. 
Patchornik and Kraus followed their achievement of 
apparent site-isolation with an elegant synthesis of alkyl 
aryl ketones utilising site-site interaction 28 (Scheme 12). 
Two different acids were attached to a common chioromethylated 
support; in low concentration, an aliphatic acid to give an 
enolisable ester, and in higher concentration, an aromatic 
acid to give a non-enolisable ester. 	On treatment with base, 
condensation occurred to afford, upon cleavage, a single 
ketone plus unreacted acid. 	Their results are given in Table 
2 and support the view that,using polymer supports, systems 
can be designed to achieve a specific goal, which can range 
from apparent complete site-isolation to extensive site-site 
interaction. 
In solution experiments under identical conditions, self-
condensation of the aliphatic esters occurred, resulting in 
complex product mixtures in which the yields of unsymmetrical 
ketones were markedly lower and never above 42%. 	As might 
be expected, when the enolisable and non-enolisable esters 
were supported on different polymers, no ketone products were 
obtained. 
Patchornik and Kraus have also studied a number of organic 
26 cyclisation reactions utilizing polymer supports 	(Scheme 13) 
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High yields were obtained in the synthesis of five- and six-
membered rings, but attempts to prepare medium and large rings 
resulted in very low yields and extensive contamination by 
products arising from intermolecular reactions. 	The Dieckmann 
condensation was also studied by Crowley and Rapoport29 . 
Whereas the normal Dieckmann cyclisation of a benzyl triethyl-
methyl diester gave a mixture of keto-esters which could not 
be separated by chromatography, these workers found that the 
supported diesters (5) (R=H, n=2,3) gave good yields of only 
one cyclic product (Scheme 14). 	When R=Et,cyclisation to give 
the 'autocleaved' product was suppressed in favour of the 
bound keto-ester. 
In a more testing case of site isolation, the use of 
supported sebacic acid tert-butyl ester (6) failed to give a 
significant yield of the cyclononane product 24, although 
the dimeric diketo-ester (7) was identified. 	The attempted 
cyclisation of w-cyanopelargonyl thiol resin ester (8) gave 
the diketodjrijtrile plus a small amount of 2-cyanocyclononanone 
(Scheme 15). 	In these cases site-site interaction appears 
to be the most likely explanation for the formation of the 
observed products. 	Crowley and Rapoport also showed that 
site isolation could not be achieved in their cyclisation of 
triethylcarbinyl pirneloyl resin ester 29 . 	The use of a radio- 
label uniquely located at the resin ester carbonyl resulted 
in complete scrambling in the resin-retained keto-ester,as 
shown in Scheme 16. 	This result was explained in terms of a 
rapid participation by the resin benzyl alkoxide in the forma-
tion of bisresin pimelate (9) which is the major source of 
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Whilst these results show that true site isolation is 
unlikely to be achieved with 2% crosslinked polystyrene resins, 
there are numerous examples in which solid supports do provide 
evidence for "apparent" site isolation. 	A typical example 
is the synthesis of the benzodiazepinone (10) by Camps and 
co-workers 30 . 	In this instance, the product was obtained in 
60% yield with intramolecular cyclisation being favoured over 
intermolecular dimerisation which might have resulted from 
site-site interactions 	(Scheme 17). 
From the large and steadily growing number of examples 
in the literature, a clearer picture of site isolation has 
begun to emerge. 	It would appear that the phenomenon is 
dependent on a number of different factors. 	Firstly, the 
extent of site-site interaction is obviously related to the 
motion of the polymer backbone. 	For a 2% crosslinked resin, 
solvent swelling is so extensive that the swollen-beads tend 
to behave like very concentrated dissolved polymer31 . 	As a 
result,significant conformational motion of the backbone occurs, 
to the extent that much of the total length of the polymer 
is translocated to and from the bead6 surface during the period 
of reaction. 	Secondly, site interactions can to some extent 
be controlled by crosslinking 33 . 	For the more heavily cross- 
linked supports such as the macroreticular or macroporous resins 
of around 20% crosslinking, a network of pores exists within 
a semi-rigid structure which enables isolation to occur. This 
is offset by the fact that functionalisation can only occur in 
these accessible areas, leading to local concentrations of 
sites, and so, with loading values of around 1 mmol per gram, 
site-site interactions begin to occur 32 . 	In a comparison 
of crosslinked resins, it has been found that site interactions 
are less for a 4% crosslinked resin relative to 1%, 2% and 
20% crosslinked resins 25. 	To maximise site isolation, the 
functional group loading must be kept low. 	Typically, for 
the normal 2% crosslinked resin,the loading should be kept 
26,29,33-35 below a value of 1 mmol per gram 	 . 	In addition, 
the solvent should be chosen to keep bead swelling to a 
minimum whilst enabling the required reaction to occur 36 . 
Temperature has also been identified as a parameter influencing 
site isolation 26 . 	Obviously, reaction times bear directly 
on the success of immobilisation and should be kept as short 
23,26,36 as possible 
The effect of change on polymer segment mobility and thus 
site isolation has also been demonstrated 37. 	Thus,.in the- reac- 
tion of diamines with chioromethylated polystyrene (2% cross-
linked, 0.5 mmol/g Cl), TMEDA was attached by a single end, 
even when equivalent amounts of benzylic chloride and amine 
were reacted. 	The amount of ionic chloride produced was 
only 50% of the total chlorine content of the resin. 	Thus, 
in this case,the repulsion of positive charges gave rise to 
a more rigid structure, enhancing the isolation of sites. 
Some bifunctional binding of the diainine could be induced 
when either the diamine chain was lengthened or the chlorine 
content of the polymer was increased. 	In contrast, when a 
similar reaction was carried out using ethylene diamine in 
the presence of pyridine,thus ensuring a neutral resin, there 
resulted extensive site-site interaction 123, with more than 
80% of the reactive sites involved in double binding. 	Negative 
charges generated on polymer supports have been shown to 
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cluster , leading to increased site-site interactions. 
Thus the homologation of 1,4 -diiodobutane with supported 
phenyithiomethyl lithium resulted in extensive formation of 
1,6-diiodohexane via double binding. 
Lastly the effect of attached chain length on site 
isolation has been considered in ester acylation 26 , and chloro-
sulphonium chloride oxidations 32 . 
In the case of inorganic supports, which have a rigid 
three-dimensional network, site isolation ought to be more 
consistent. 	However, relatively little work has been carried 
out using these supports although the reactions of metal 
carbonyl complexes with silica-supported ligands has been studied 
in some detail 39 . 	Thus, the rhodium complex (11) was found 
to react with a silica-suDported thiol (0.19 mmcl S per gram), 
to form mainly the difunctionaljsed species (12), suggesting 
that, in order to achieve site isolation on silica supports 
as on polystyrene supports, the degree of functionalisatjon 
should be kept below a certain value. 
1.3.4 Change in Mechanism 
In some cases, the use of a polymer supported reagent 
has resulted in a deviation from the expected specificity and 
reactivity of that reagent. 	For example, treatment of N- 
bromopolymaleimide with cumene led to the formation of several 
unexpected products 40 as outlined in Scheme 18. 	These were 
attributed to repeated dehydrobromination and bromination of 
(13), the normal benzylic bromination product. 	Variations 
from the expected specificity have also been noted for N-
chloropolymaleiinjde, which gave only products resulting from 
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Scheme 19 (Ref 44 
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aromatic substitution, upon reaction with alkylaromatjc 
compounds in the absence of solvents and free radical 
41 initiators 	. 	In contrast, N -chlorosucclnimide itself 
gave mixtures of side-chain and aryl chlorinated products. 
Rebek has studied extensively the role of dicyclohexyl-
carbodiimide (DCC) in peptide synthesis. 	Whereas DCC normally 
acts mainly via the 0-acyl isourea 42 , in solid phase peptide 
synthesis, the symmetrical anhydride, formed from the 0-acyl 
isourea and acid, appears to be the acylating moiety 43 . 
Possibly the most interesting example from a synthetic aspect 
was observed in the synthesis of a lycosamine-type alkaloid 
skeleton 44 (Scheme 19), in which ortho-ortho intramolecular 
coupling of the two phenol rings occurred. 	This is the first 
example of such a coupling in a norbelladine derivative, to 
give a new type of alkaloid skeleton. 
1.4 	Disadvantages 
Despite the widespread use of polymer-supported reagents, 
the technique is still plagued by some problems which often 
limit its general application in organic synthesis.. 	In some 
cases the phenomena of site isolation, site interactions, and 
change in reactivity or specificity as described above, can 
prove to be considerable drawbacks. 	Other problems,however, 
are more common and some of these are considered in the next 
section. 
1. 4.1 Characterisation 
Characterisation remains one of the biggest drawbacks 
to the use of polymer supported reagents. 	In the case of the 
I It 
more commonly used insoluble crosslinked resins, the only 
general technique available which gives information about 
the supported reagent is infrared spectroscopy. Moreover, 
its use is often limited to cases involving strong absorption 
bands, although difference spectroscopy 2f can be used where 
changes in weak absorption bands occur. 	In all cases 
allowance must be made for the strong absorption of the 
support material. 	For instance, with silica the region 
below 1500 cm- 1 is masked. 
In certain cases traditional chemical means can be used. 
For example, acid groups can be titrated,or else the supported 
group may be cleaved, and the product which is released, 
analysed, although the accuracy of such methods is doubtful 
since it relies on complete reaction. 
The two most useful sources of information are elemental 
analysis and gravimetric analysis. 	The former technique 
allows a quantitative measurement of reaction in which elements 
other than carbon and hydrogen are introduced onto the polymer. 
In this way, functional loadings can be obtained. 	The major 
drawbacks are the possibilities of undesired functionalities 
being produced in side-reactions, or trapped impurities con-
tained within the polymer. As a result elemental analysis 
will always give a figure corresponding to the maximum 
functional loading and the actual value may be significantly 
less. 
Gravimetric data should be obtained as a matter of course 
for all resin work. 	Significant weight changes are often 
associated with most transformations carried out in polymer 
A 
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functionaljsatjon, and although the method can be affected 
by problems such as mechanical loss, binding of impurities or 
incomplete washing, it is invaluable as a check on other 
analytical procedures. 
1.4.2 Purification 
The obvious inability to purify a polymer-supported 
reagent means that any subsequent transformation of a functional 
group must utilise a high yielding reaction. 	For instance, 
in a short synthetic scheme involving four steps each of 75% 
yield, the product would normally be obtained in 32% yield 
overall. 	This situation, however, would usually be unacceptable 
in the preparation of a supported reagent, as it would result 
in a polymer which not only contains a low level of the desired 
functionality but also relatively large amounts of unwanted 
functionalities. (Scheme 20). 	For this reason,routes to 
required functional polymers must be short, and if possible, 
involve convergent synthesis with the key functionalisation 
step at a point late in the synthesis. 	At some stage, the 
unwanted intermediate functionalities may need to be removed 
in order to prevent interference. 	The problem of side- 
reactions in sequential synthesis has been reviewed 45 with 
regard to peptide synthesis. 
1.4.3 Assorted Gremlins 
Depending on the nature of the support, functional sites 
may be inaccessible to reagents, due to the size or polarity 
of the latter. 	Heitz has found that in 2% crosslinked 
polystyrene resins, 75% of the pore volume,or channels within 
the beads, is accessible to substrates with a molecular weight 
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in the range 	 This percentage may decrease as 
functional groups are introduced due to the filling of the 
pores and/or a change in polarity of the polymer which leads 
to a decrease in the swelling. 	Hydrophilic reagents such 
as aqueous alkalis hardly penetrate hydrophobic resins at all, 
and are thus inactive. 
Impurities in the polymer beads can be responsible for 
apparent failure in certain reactions, and often lead to a 
lack of reproducibility. 	As a consequence resins must 
normally be washed extensively before use 31 in order to remove 
traces of emulsion polymerisation catalysts which may remain 
after the preparation. 
Heterogeneous reactions such as zinc reduction or 
manganese dioxide oxidation, and reagents which can act in a 
heterogeneous fashion, e.g. sodium borohydride or lithium 
aluminium hydride are liable to be ineffective with polymer 
resins. 
The choice of solvent is invariably important in this 
field and,generally, solvents which are good swelling agents 
should be used. 	These include benzene, DMF, THF and 
chloroform, whereas poor solvents, of low swelling power, like 
ethanol, methanol, dioxane, and water, should be avoided. 
This limitation is not infallible as has been shown by the 
synthesis of formyichalcones in high yield using ethanol as 
solvent 46 (Scheme 21) . 	In some cases it is better to change 
the reaction conditions that are normally used in solution 
chemistry, when using a polymer support. 	For example, the 
reaction of poly(vinylpyrjdjniurn)chlorochromate (14) with 
alcohols 47 gives better results with a non-polar solvent such 
as heptane than with a polar solvent which is normally used 
in solution reactions. 
The relatively low loading of polymer supports,of about 
1 mmol/g, level severely limits the use of many polymeric 
reagents for general synthesis on a practical. scale. 	Generally, 
large volumes of solvents must be used, initially to carry 
out the reaction, and later to wash the resin free of products. 
Two further drawbacks that have been noted with the use 
of polymer supports in our laboratory are, firstly, the 
mechanical instability of both polystyrene resins and silica, 
and secondly, the tendency for the former to develop high 
levels of static charge when dry. 	Samples of both polystyrene 
and silica can be readily reduced to powder form by mechanical 
stirring. 	This problem may be alleviated to some extent by 
the use of a slowly rotating paddle stirrer but extensive 
degradation can still occur after several sequential steps. 
The problem of static charge makes the handling of the dry 
beads difficult owing to their tendency to 'cling' to glass 
or metal surfaces, but to repel each other. 	In our hands 
attempts to circumvent this problem by using commercial anti-
static devices failed. 
1.5 Supports, Properties, and Preparation 
The first step in solid phase synthesis is to choose 
the correct polymer support of which a variety are available. 
The polystyrene resins are subdivided by the extent of their 
crosslinking into: linear polystyrene, soluble in organic 
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NMe 2 
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cat. amount 
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Scheme 22 
solvents with a high loading capacity; polystyrene gels, 
low crosslinking (<2%) , insoluble but highly solvent swellable, 
high loading capacity; popcorn polystyrene, low crosslinking 
and low swelling capacity with high chain flexibility; and 
macroreticular polystyrene, rigid structure, little swelling 
and low loading capacity. 	Other organic supports have been 
developed,for more specialised uses,such as the polyarnide 
support (15) which is used for peptide synthesis 48 , and the 
poly(vinyl acetate) and poly (acrylic acid) supports which have 
been developed for oligosaccharjde synthesis 49 . 
A number of ion-exchange resins are also commercially 
available. 	These can be chemically modified thus allowing 
entry into a wide variety of supported ionic reagents 50 . 
Inorganic oxides have also been used, silica and alumina 
being the major examples. 	These materials possess greater 
physical and thermal stability than polystyrenes, but their 
chemical stability may be lower. 	In addition, these supports 
suffer from the disadvantage of having very low loading 
capacities (typically 0.1 rnmol per gram) and this has been a 
limiting factor in their use. 
Functionaljsation of inorganic supports is achieved by 
reacting an active silyl compound with the surface hydroxyl 
groups as depicted in Scheme 22. 	The unreacted hydroxyl 
groups may then be removed by silylation with chlorotrimethyl- 
silane or hexamethyldisjlazane. 
The functionaljsatjon of organic supports is more readily 
achieved. 	Two approaches are feasible, both of which have 
been used with great success. 	These are the°polymerjsatjon 
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of a preformed monomer, and the chemical modification of an 
existing polymer. 	The first method allows the degree of 
loading to be closely controlled, and also eliminates the 
problem of purification. 	Moreover,a wide variety of vinyl 
monomers are commercially available and to this range may be 
added the large number of substituted styrene derivatives 
readily available by standard methods (Schemes 23 and 24). 
The major obstacle towards a wider acceptance of the copoly-
merisation procedure appears to be the difficulties involved 
in achieving reproducible results in the laboratory. 	However, 
details of a successful procedure have now been published 2(q) 
and this should result in a more widespread application of the 
technique. 
The modification of preformed polymers has found more 
widespread popularity due to the ready availability of suitable 
supports and the ability to utilise normal synthetic reactions 
for their modification. 	A wide variety of chemical trans- 
formations are now applicable to polymer supports ,2 (1) but 
by far the most versatile approaches involve chloromethylation 5- ' 
(Scheme 25) and brominatlon/lithiation 53 (Scheme 26). 
Finally, it is worth noting that chemical modification 
exhibits several disadvantages. 	In particular, the degree 
of loading is more difficult to control and reactions like 
chloromethylatjon tend to increase the resin crosslinking. 
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2 	Supported Phosphorus Reagents 
2.1 Olefin Formation 
The supported reagent diphenyiphosphinopolystyrene (16) 
has been used successfully in a number of solid phase Wittig 
54-60 reactions 	. 	The major drawback of the conventional 
reaction, separation of triphenyiphosphine oxide and olefin, 
is reduced in most cases to a simple filtration step. 	This 
has been described as advantageous where the products are 
labile or have been formed on a small scale 59 .. 	The reaction 
is outlined in Scheme 27. 
Most reactions described in the literature are carried 
out using 1 or 2% crosslinked polystyrene resins containing 
1 to 3 mequiv. per gram of phosphine groups, although 0.5% 
crosslinked resins 57 and linear (hence soluble) polymers 59  
have been used occasionally. 	Resin (16) has been obtained 
by the bromination-lithiation route from Polystyrene 53; by 
modification of ap-bromostyrene_styrene_D.v • copolymer 60 
and by copolymerisation of p -diphenylphosphi.nostyrene, styrene 
and D.V.B. (Scheme 28). 	Of the three routes, A is by far 
the simplest and gives the most efficient polymer. 	Closely 
related are syntheses involving the reaction of lithium 
diphenylphosphjde with bromopolystyrene 56 and chioromethyl- 
31 Polystyrene . 	In Route B,conversion of the bromo-derivative 
into (16) was only 60% successful, presumably because of the 
effects of site-isolation. 	Polymers obtained by the third 
route, C, have the disadvantage that not all phosphorus sites 
are accessible and so available to participate in the reaction. 
For this reason the yields of olefin reported are often low60. 
Table 3 - Polymer Supported Wittig Reactions 
Alkyl 	 Carbonyl 	 %uge 
Halide Compound Product 	Yield 	Ref 
Mel 	 PhCHO 	PhCH- CH 2 	50 	60 
10 	 Ph 2 00 	Ph 2 C=CH 2 	72 	00 
EtI 	 (Jo <CHMe 	50 
n-BuBr 	PhCOMe 	Ph >CHEt 	97 	57 
Me 
OH 
C 6H13 Br 	 OH 	 C H C 5  H 1 1 62 	59 
PhCH2Br 	PhCHO 	PhCH=CHPh 	93 	60(a) 
MeOCH 2 CI 	PhCHO 	PhCH=CH-O-Me 85 	2(p) 
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Scheme 29 (Ref 56) 
The supported phosphonium salt (17) is usually obtained 
by treatment of (16) with the appropriate halide, either neat 
or in a solvent such as benzene, THF or DMSO. 	Yields are 
often high and comparable with those from conventional reactions. 
The reaction has also been carried out,using a 'one-step' 
procedure, by treating a mixture of phosphine polymer, halide, 
and carbonyl compound with ethylene oxide 56 . 
The ylide is normally generated by swelling the supported 
phosphonium salt in a suitable solvent (THF, dioxane or 
benzene are most commonly used) followed by addition of the 
base. 	Sodium dimsyl, n-butyl lithium, sodium hydride and 
potassium t-butoxide are commonly employed as bases, although 
in the case of stabilized ylides (18, R'=H, R 2 =COOMe or Ph) 
the Wittig-Buddrus procedure 61 using ethylene oxide offers 
56 certain advantages . 	More recently the reaction has been 
carried out under phase-transfer conditions 62 . 
Olefin yields from polymer-supported Wittig reactions 
are generally comparable with those obtained from analogous 
solution reactions, although Heitz and Michels have noted 
that yields decrease slightly as the resin crosslinking is 
57 increased from 0.5% to 2% 	Some typical examples that 
illustrate the application and scope of the procedure are 
given in Table 3. 	In a remarkable example of apparent site 
isolation, Castells et al. have used the technique to achieve 
mono-olefination of symmetrical dialdehydes in excellent 
56 yields 	(Scheme 29). 
Initial studies on the feasibility of polymer Wittig 
5' reactions 	using the ylide (18, R 1 =H, R 2 =Ph) and benzaldehyde, 
found that the Cannizzaro reaction could occur as a significant 
side reaction. 	However, by washing out unreacted base prior 
to addition of the carbonyl compound,the problem is significantly 
reduced 60 and less than 1% reaction is usually observed. 
Heitz and Michels have reported that the resulting 
phosphine oxide (19) can be reconverted into the active polymer 
58 (16) by treatment with trichlorosilane and triethylamine 
2.1 . 1 Stereochemistr 
The stereochemistry of the alkene formed in the Wittig 
reaction is of major importance in its synthetic application. 
In order to fully rationalise the wide variation in stereo-
selectivity which is found, it is necessary to consider the 
reaction mechanism in some detail. 	This has been described 
66 elsewhere . 	However, the stereochemistry can be briefly 
summarised by considering the nature of the ylide. 	Three 
distinct classes of ylide exist: stable ylides,having• an 
electron withdrawing substituent in the a-position; reactive 
ylides,which do not contain stabilising a-substituents; and 
moderate ylides having intermediate activity. 	In general, 
reactions involving stabilised ylides favour the formation 
of the stereoisomer with the stabilising group on the a-carbon 
of the alkene trans to the larger group on the s-carbon; i.e. 
the (E)-alkene. 	This situation is reversed in the case of 
reactive ylides,where there is a preference for the formation 
of the thermodynamically less stable (Z)-isomer. 
The third case, involving ylides of moderate stability,generally 
results in the production of stereoisomeric mixtures of 
alkenes with, in most cases, a slight excess of the (E)-alkene. 
Table 1 - The Stereoselectivaty of the 




 R 2 + R 3 R 4 CO 	'- R 1 R 2C=C R3R4 
Ph 
R 1 R 2 R 3 P 4 Yield% Z:E Ref 
H Me Ph H -° 84:16b 613 
80 Ph 35 42:58 of 
to so •1 52 60:40 55 
to 55 20:80 54 
n-Pr 
Is 34 85:15 55 
000Me 
Is 
80c 9: 91 55 
to Ph P—OHCC6H4 It 83 79:21d 56 
10 to 24 41: 5 9 e is 
it 63 30,70 f is 






so is m- DHCC 6 H4  is 
27c 
-:100 
It Ph P1,C4m) ,, 89 30:70 60a 
'a ,. - 43:57 
is 
a 
Isomer ratios only. 	 d Br salt 
b SuEt-free conditions. 	 e Cl 	salt 
C 
 Reaction in situ from 
	
Buddrus procedure 
®-PPh2 ,RBr and base. 
Ph 
- 
&C04PCH2 Ph Br 
Ph 
Ph 






% cross-Linking 	R 	 % Yield 
2 	 Ph- 	 93 
8 	 73 
20 	 80 
2 	 PhCHCH- 	89 
8 	 77 









Scheme 29A (Ref 60a) 
As regards the stereochemistry of the polymer-supported 
Wittig reaction, it is unfortunate that the isomer ratios have 
been determined in only a few of the examples reported. 	In 
most cases, the proportion of (Z)- and (E)-olefins from polymer-
supported reactions differ only slightly from conventional 
Wittig reactions (Table 4), although several notable differences 
occurred in the reaction of the moderately reactive ylide (18, 
R'=H, R 2 =Ph) with aromatic aldehydes. 	Interestingly, Bernard 
and Ford 60a found a marked increase in the extent of (E)-alkene 
formation (Scheme 29A) as the degree of crosslinking was increase 
in supported ylides of this type, but offered no explanation. 
55 Castells and coworkers 54, found a 60:40 mixture of (Z)- and 
(E)-stilbenes when using polymer (16) which was obtained by 
chemical modification of polystyrene (Route A, Scheme 28). 
However, the reverse stereoselectivity was obtained (Z:E, 20:80) 
with reagent (16) prepared by copolymerisation of styrene and 
p-diphenylphosphinostyrene (Route C, Scheme 28). 	Total yields 
of olefin were similar in both cases. 	No satisfactory explana- 
tion was put forward for this difference in selectivity, 
corresponding, as it does, to a greater reversibility of betaine 
formation in the latter case. 
In the mono-olefination of terephthaldehyde 56 , use of 
the phosphonium bromide resulted in the predominant formation 
of (Z)-stilbene whereas with the chloride the (E)-stilbene 
was the major product. 
From these meagre results it would appear that only in 
the case of moderately reactive ylides does the polymer-
supported Wittig reaction show significant differences from 
normal stereochemistry. 
In the few cases reported for which phase-transfer 
Table 5 - Two- Phase Wittig Reactions 
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Table 6 - Z- Selective (Salt-free) Wittig. 
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conditions are employed, the proportions of (E)- and (Z) 
olefins in the product mixture are found to be similar to 
conventional phase-transfer reactions 62 (Table 5) 
The use of supported ylides allows the reaction to be 
conveniently carried out under "salt-free" conditions by 
facilitating removal of inorganic salts by washing and 
filtration. 	Several groups have studied such "salt-free" 
60 reactions 58, and the results are summarised in Table 6. 
Heitz and Michels 58 have also carried out several (E)-selective 
syntheses by means of the Wittig-Schlosser technique (Scheme 
30) . 	In general these reactions result in increased yields 
of (E)-alkenes but the degree of stereoselectivity seldom 
matches that which is obtained from the conventional Wittig-
Schlosser reactions. 
Finally, it is worth noting that the. polymer-bound .ittig 
reaction has been successfully applied by Leznoff to the 
synthesis of several insect sex attractants 63 . 	Scheme 31 
illustrates such an application, in which treatment of the 
supported phosphonium salt (20) with n -butyllithium, then 
butyraldehyde, followed by hydrolysis and acetylation, gave 
tetradec-10-en-1-yl acetate (21) containing more than 91% 
of the (Z)-isomer. 	This unexpectedly high stereoselectivity 
has been attributed to apparent salt-free conditions which 
exist in the pores of the polymer but steric effects produced 
by the rigid support matrix may also play an important roie 2 . 
Interestingly, the reverse mode of reaction (Scheme 31) , whereby 
the polymer bound aldehyde (22) is reacted with triphenyl-
phosphonium butylide, resulted in a mixture of (Z)- and (E)-
tetradec-10-en-1-yl acetate (21) in the ratio 67:33, which is 
0 
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Scheme 33 (Ref 64) 
the expected distribution of stereoisomers from reaction in 
the presence of lithium salts. 
2.1.2 Phosphonate stabilised carbanions 
Recently Cainelli 64 reported an elegant modification of 
the Wadsworth-Emmons reaction using stabilised phosphonates 
supported on Amberlyst A-26 ion-exchange resin (Scheme 32). 
Functionalisatjon was achieved, in high yield, by a simple 
neutralisation reaction between the phosphonate and the ion- 
exchange resin (OH form) . 	The olefins were formed by 	reacting 
the carbonyl compound with an excess of supported phosphonate 
in THF at room temperature. 
The stereoselectivity of the above reaction was found 
to be similar to that observed for the phase-transfer catalysed 
Wadsworth-Emmons reactions studied by Piechucki 65 . 	Moreover, 
Cainelli found that the nature of the solvent had no effect 
on the reaction time or the yield of olefin. 	This was 
explained in terms of a constant microenvironment within the 
resin. 
One further aspect of polymer-supported reagents which 
Cainellj et al. utilised was that of mutual exclusion. 	Thus, 
olefins were formed directly from dioxolanes by the simultaneous 
use of a strongly acidic ion-exchange resin,Ainberlyst 15-H 
and the phosphonate resin (23), (R=CN), in aqueous THF (Scheme 
33) . 	In the case of dioxolanes derived from saturated 
aldehydes no reaction occurred, thereby allowing the possibility 
of selective deprotection and olefination of aromatic and 
of 
a,3-unsaturated aldehydes and ketones. 
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Alcohol 	Yield of Chloride [%] 	Ref 
Ph CH 2 OH 
n-C 8 H 17 0H 
n- C 10 HOH 
n-C 11 H 230H 
n-C 12 H250H 
n-C 16 H330H 
n-C 4 H 9 -O-(CH 2) 2 0H 
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2.2 	Functional Group Conversions 
Triphenyiphosphine has proved an extremely useful and 
versatile reagent for a number of functional group conversions 
66(a) which involve the removal of sulphur or oxygen 	. As might be 
expected, the polymer-supported analogue (16) has been utilised 
in several of these reactions. 
2.2.1 Phosphine-carbon tetrachloride and related systems 
The triphenylphosphjne-carbon tetrachloride reagent has 
been used to achieve a number of conversions under very mild 
conditions including the chlorination of alcohols, thiols, 
acids and amides (Scheme 34); intramolecular dehydration to 
form nitriles, isocyanides, carbodiimides and ketene-imines 
(Scheme 35); and intermolecular dehydrations to give esters, 
amides and peptides. 	The supported phosphine (16) has been 
used successfully in many of these reactions. 
Several groups have studied the conversion of alcohols 
into alkyl chlorides 6770 . 	By using lightly crosslinked 
resins (1-2% DV.B.), high yields of chlorides can be obtained 
from both primary and secondary alcohols, as shown in Table 7. 
Harrison and Hodge,following their observations that rates 
were faster in the polymer reactions than in the solution 
reactions, have investigated the polymer reactions in great 
detail 70 . 	For the chlorination of n-octanol, the initial 
rate of reaction was approximately 13 times greater than that 
of triphenyiphosphine and approximately 3.5 times greater 
than that of p- isopropylbenzyldiphenylphosphjne (24). 	These 
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Scheme 37 (Ref 70) 
with carbon tetrachloride prior to addition of the alcohol. 
The chlorination of alcohols using triphenylphosphjne-
carbon tetrachloride has been shown to proceed via two different 
mechanisms 71 , denoted by routes A and B in Scheme 36. 
Normally the reaction occurs predominantly via the A-route, 
and requires one equivalent of phosphine,whilst producing 
one equivalent of chloroform,for each equivalent of alcohol 
converted to alkyl chloride. 
Harrison and Hodge found that by using a highly functiona1i 
resin (1% DVB, 90% loading), the production of 1 mmol of n-
octyl chloride from n-octanol resulted in the formation of 
0.31 mmol of chloroform and required 2-2.2 minol of phosphine 
residues. 	From this result they deduced that the major 
pathway for alkyl chloride formation was by the polymeric 
analogue of mechanism B 	(Scheme 37). 	Supporting evidence 
for such a pathway was obtained by studying the reaction of.. 
the polymer system with several carbonyl compounds. 	The 
reaction of the reagent triphenyiphosphine-carbon tetrachloride 
with carbonyl compounds is known to occur exclusively via the 
B reaction and leads to 1,1 -dichloroalkenes and dichioro-
methylene compounds 661 . Treatment of the polymeric phosphine-
carbon tetrachloride system with benzaldehyde gave-dich1bro-
styrene and benzilidene chloride 70 . 	The yield of the former, 
though unreported, was purported to be 60% of the maximum 
expected if the overall reaction proceeded entirely via the 
mechanism formulated in Scheme 37. 	A similar reaction with 
benzophenone gave 1,1 -dichloro-2,2-diphenylethylene in 44% 
yield. 
Table 8 - Effect of polymer structure. 
Nominal 	Toluene: monomer 	Yield of Alkyl Chloride( 
CrossLinking 	ratio (polymerisation) 
	
from 
C. H.,OH 	C4H.,OH 
15 0 : 	 1 -100 -100 
25 0:1 50 30 
37 0;1 0 4 
37 1:2 4 57 
37 1:1 55 73 
37 2:1 72 60 
Table 9 - Preparation of Acid Chlorides, Nitriles 
and Imidbyl Chlorides 
Substrate Product Yield(%) Ref 
n-C 7 H 15 COOH n-C 7 H 15 COCE 63 68 
PhOCH 2 000H PhOCH 2 COC( 50a 68 
PhCOOH PhCOC[ 90  68 
PhCONH 2 PhCN 78 72 
n- C17H35 CON H 2 n-C17 H35CN 100 72 
PhCONHPh PhC(C[):NPh 93 72 
PhCHN0H PhCN 76 72 
Ph 2 C=NOH PhC(CL)NPh 88 72 
as an amide derivative 
R 1 	 R 2 
cbzNHCHCOOH 	HCIH2NCHCOOBz( + 	—PPh 2 
[CL 4 
ON cbzNHCHCONHCHCOOBzI 
E t3 N 
+ 2 Et 3 N HOt 
Product 	 Yield 1%) 
cbz ProGLy. OBzl 	76 
cbz Vat Vol OBzl 	70 
cbz Ala , GIy OBz[ 	70 





The increase in rate of reaction shown by the polymer 
system in the foregoing reactions has been attributed partly 
to a concentration effect. 	Thus,it is argued that in a 
solvent-swollen polymer, the local concentration of phosphine 
groups is much higher than that of triphenyiphosphine in a 
normal solution reaction. 	Presumably the change in mechanism 
is also related to this concentration effect. 
Sherrington and co-workers have studied the effect of 
polymer structure on the yields of alkyl chlorides 69 . 	In 
their experiments a low degree of functionalisatjon (12%) was 
kept throughout, whilst the extent of crosslinking was varied. 
Their results, given in Table 8, are consistent with mechanism 
B being the major pathway in the polymeric case. 
Reagent (16) and carbon tetrachloride have also been 
used in the conversion of carboxylic acids, primary amines or 
aldoximes, and secondary amines into acid chlorides, nitriles 
and imidoyl chlorides respectively. 	Details are given in 
Table 9. 	In the case of imidoyl chlorides, the simplified 
work-up proved to be particularly advantageous as many of 
these compounds are extremely sensitive to water, work-up 
by column chromatography, and distillation at high temperatures 73 
Hodge and Richardson used the same reagent combination to 
condense acids with amines directly 68 . 	By this method both 
phenoxyacetamide and benz-p-toluidide were prepared in 57% and 
94% yields, respectively. 	Subsequently,Appel and co-workers 
applied the reagent to the synthesis of dipeptides 74 (Scheme 
38). 	These workers found that the recycled resin gradually 
lost its activity due to the formation of the chloromethyl- 
—PPh2 
[0] 
0 	 C1 
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(19) 
Scheme 39 (Ref 31) 
Table 10 -  Reactions of Polymeric Phosphine Dihalides 
Product Yield (%) Ref 
i-Pr-Br 82 76 
n - Bu-Br 96 76 
Br(CH2)4Br 
- 76 
PhCH 2 COCI 100 31 
PhN=CNPh 92 77 
Me2CC=NPh 70 77 
Ph2CCN-Bu-n 89 77 
PhC(Br) =NPh 88 77 
Reactant 
(i-Pr) 2 0 
(n-Bu) 2 0 
Co 
PhCH 2 COOH 
(Ph NH) 2 C0 
Me 2 CH CONHPh 
Ph 2 CHCONH-Bu-n 
Ph CO NH Ph 
&P Ph2 + 	s+ 2 
0 
-Ph 2 + 
+ cbzNHCHCOOH 
N;3 
N 'S + cbzNHCHCOS 
H 
<NH H 2 COOEk 
cbz NHCHCONHCH 2 COOEt 
Yield (%) 
Me 2 CH- 
Ph CH 2 - 	 65 - 83 
Scheme 40 (Ref 80) 
phosphonium chloride salt,apparently by the 'B-reaction', 75 
and therefore could not be used in a continuous process. 
The polystyrene-supported dichlorophosphorane (25) has 
been prepared and used in a number of similar Conversion 
reactions 31 (Scheme 39). 	The resin is easily regenerated 
by treating (19) with phosgene. 	The related dibromophos- 
phorane reagent has also been used for the cleavage of ether s76 
and in the preparation of carbodlimides, ketenimines and 
imidoyl bromides 77 . 	Table 10 summarises the experimental 
results. 
In further studies,Appel and co-workers have investigated 
the use of supported phosphine-hexachioroethane system in 
which the dichiorophosphorane (25) was formed in situ. 	The 
reagent was used to effect the synthesis of imidoyl chlorides, 
78 	 79 nitriles, isocyanides, carbodiimides and peptides . 	A 
particularly attractive aspect of this approach is that the 
resin can be regenerated quantitatively and thus, unlike the 
carbon tetrachloride case, can be used in a continuous process 
with high efficiency. 
2.2.2 Other conversions 
Horiki has reported the application of resin (16) to the 
synthesis of peptides 80, via the double-activation technique 
of Corey and Nicolaou 81  using a pyridine thiolester (Scheme 
40) 
In a useful synthetic transformation,]cetones have been 
prepared from alkyl lithiums and acid chlorides with 
bis (triphenylphosphine) chiorocarbonyl rhodium(I) as catalyst 
(Ph 3 P) 2 RhCI(CO) + RU 	(Ph 3 P) 2 Rh(CO)R + Li CI 




Scheme 41 (Ref 82) 
Ph 2 
P 	CI 
(Ps) 	Rh / 
/\ 
P 	CO 	(26) 
Ph 2 
Table 11 - Synthesis of Ketones using (26) 
P R' Yield (%) 
n- Bu- m-NCC6H4- 60 
so Ph- 61 
of Me(CH2),o- 58 
Ph MeO2C(CH2)4 56 
71 
n-Bu- p-HCOC 6 H 4 - 32 
OR 
(Scheme 41). An advantage of this method is that cyano, 
aldehyde and ester groups are not affected. Pittman and 
Hanes have carried out the synthesis of several ketones by 
this method using the complex (26) supported on polystyrene 82 . 
Table 11 summarises their results. 
2.3 	Supported Catalysts 
2.3.1 Transition metal complexes 
Polymer-supported transition metal catalysts have been 
extensively studied over the past ten years 82 . 	Such 
catalysts have the advantage of functioning mechanistically 
as homogeneous catalysts, but are easily removed from the 
reaction medium. 	Since triphenylphosphine ligands are common 
in many homogeneous catalysts used in organic synthesis, these 
catalysts can be supported on phosphine-containing poly-
styrenes such as (16) , as well as functionalised inorganic 
39 
oxides . 	Such systems often show specific changes in 
catalyst selectivity. 	The reactions of supported catalysts 
have been recently reviewed in detail 84  and will not be 
considered here. 
2.3.2 Phase-transfer catalysts 
A number of polymer-supported 'onium salts, crown-ethers 
and cryptancis have been shown to function successfully as 
phase-transfer catalysts in place of the normal unbound 
species. 	These supported reagents have been described as 
'triphase' catalysts, with the polymer-support being regarded 
as a distinct third phase 85. Although this description may 
be an oversimplification,the expression continues to be used 
(9—(CH2 )nP+ (n — C4H9)3 X 
n = 1,2,3,6. 	X= Br,Ct. 
(27) 




&Q~- (CH2) P(n-C4 H 9 ) 3 Cl 
(29) 
&—( CH2 ) 3 P (n-C4H9)3 Br 
(30) 
H2)3[NHC0 (CH 2) m 1 n (flC 4 H 9 ) 3 Br 
m=2, n=1. 
(31) 	 m =10, n= 1, 2. 
Scheme 42 (Refs 86-89) 
by workers in the field. 
In general,the polymer-supported catalysts possess lower 
activity than the corresponding unbound species but have the 
special advantages of catalyst retention, isolation, and 
recovery that are inherent in the use of a polymeric reagent. 
Whilst most of the literature to date is concerned with 
supported ammonium salts, a number of phosphonium salts have 
been studied, some of which are illustrated in Scheme 42. 
The reactions that have been catalysed include halogen exchange 
or- and nucleophilic displacement by cyanide, thiophenoxide ° ' 
and succinimide 88 on alkyl halides, and the alkylation 89 and 
reduction 88,89 of ketones. 
In catalysts of type (27), the activity is found to 
depend on the flexibility of the support matrix. 	As a rule 
an increase in the crosslinking density leads to a reduction 
86 in catalytic activity . 	Moreover the introduction of a 
"spacer-arm", as in (28) and (31), provides greater flexibility 
between the active site and the polymer backbone and results 
in catalysts of equal or greater efficiency than conventional 
soluble catalysts 87-89  
The reaction between inorganic reagents and organic 
substrates can also be achieved by using dipolar aprotic 
solvents such as HMPA or DMSO. 	These solvents are able to 
solubilise both the inorganic and organic reactants and thus, 
eliminate the problem of a phase-boundary. 	Polymer-supported 
analogues of the solvents, therefore, would be expected to 
function as phase-transfer catalysts when added to a phase- 
separated system, and this is indeed the case. 	For example, 
the phosphoramide reagent (32), (R=Me), supported on a linear 
polystyrene is reported to effect the displacement reactions 
of aqueous potassium iodide and acetate on n-octyl bromide in 
toluene 90. 	Anidentical resin-bound phosphoramide was used 
to catalyse the displacement by cyanide, chloride and hydroxide 
on alkyl halides 91 . 	Recently the supported pentamethyl- 
phosphoramide reagent (32), (R=H), has been described 92  and its 
performance reported to be superior to that of the hexamethyl 
derivative (32) , (R=Me). 
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3 	Programme of Research 
The reduction of aromatic nitro- and nitrosoarenes by 
tervalent phosphorus reagents has been extensively studied 
92 
since its discovery in 1962 , yet some doubt still exists as 
to the mechanism and the nature of the intermediates involved. 
It was considered that the use of suitable polymer-supported 
phosphorus reagents could represent a key method for determining 
the involvement of nitrosoarenes and nitrenes in these deoxy-
genation reactions. 	Such reagents could be used, in conjunction 
with certain polymer-supported trapping agents, to form a 
'three-phase test' which hopefully would detect the presence 
of any polymer-free species in solution. 
Aryl-nitrenes are known to react with primary and secondary 
amines to give substituted azepines in good yield93 . 	Further- 
more it has been shown that such azepines can be readily ,  
converted into 1,3-dihydro_1_methy1_2g_azepjnone5 94 	It was 
hoped that these two facts could be combined and used in a 
'three phase test' to test the intermediacy of a free aryl 
nitrene from the deoxygenation of a nitrosoarene, as outlined 
in Scheme 43. 
One of the first tasks of this research, therefore, was 
to investigate fully the reaction of nitrosoarenes with 
diphenyiphosphinopolystyrene. 	Furthermore,.it was hoped that 
supported analogues of the more useful P(III) esters could be 
synthesised, thus enabling similar mechanistic studies to be 
carried out on the deoxygenation of nitroarenes. 
EXPERIMENTAL 
1. 	INSTRUMENTATION 
Melting-points were determined, for new compounds, on a 
Kofler hot-stage microscope and are uncorrected. All 
others were determined on a Gallenkamp capillary apparatus. 
Infra-red spectra were recorded on a Perkin-Elmer 157 G 
grating infra-red spectrophotometer. 	Solids were examined 
as nujol mulls, potassium bromide discs or chloroform solutions. 
Liquids were examined as thin films using sodium chloride 
plates. 	Polystyrene, max 1603 cm ' ,was used as reference 
for calibration purposes. 
Nuclear Magnetic Resonance Spectra 
n.m.r. spectra of routine samples were recorded at 60 MHz 
on a Varian EM 360 spectrometer. 	100 MHz spectra were 
obtained on a Varian HA-100 instrument, operated by Mr. J.R.A. 
Millar. 	Chemical shifts 6H were measured in parts per 
million relative to tetramethylsilane (T.M.S.) as an internal 
reference (6=0.00) 
n.m.r. spectra were recorded on a Varian CFT-20 20 MHz 
spectrometer by Mr. J.R.A. Millar. 	Chemical shifts 6C 
were recorded as parts per million relative to deuteriochioro-
form as internal reference (6=76.89) 
3 
1 P n.m.r. spectra were recorded on a Jeol JNM-FX60Q spectro-
meter operating at 24.15 MHz. 	Chemical shifts (6) were 
recorded as parts per million relative to an 85% external 
phosphoric acid reference (6=0.00). 	Shifts to high frequency 
were designated as positive and those to low frequency as 
negative. 
Mass Spectra and exact masses were obtained on an A.E.I. MS 
902 Mass Spectrometer operated by Mr. D.J.A. Thomas. 
Elemental Analysis. 	Microanalyses were carried out on a 
Perkin-Elmer Elemental Analyser 240 by Mr. J. Grunbaum. 
G.l.c. analyses were performed on Pye Series 104 or 204 
chromatographs, fitted with flame ionisation detectors, and 
using glass 1.5 m x 4 mm i.d. packed columns. 	The carrier 
gas was nitrogen in all cases. 	Quantitative analyses were 
obtained using the internal standard technique. 
G.l.c./m.s. utilised a Vg. Micromass 12 spectrometer coupled 
to a Pye Series 104 chromatograph. 	Helium was used as the 
carrier gas. 	The instrument was operated by Miss 0. Johnson 
or Miss E. Stevenson. 
T.l.c. 	Chromatograms were developed on 0.33 mm layers of 
alumina (Merck, Alumina 60 G, Type E) containing Woelm 
fluorescent green indicator (0.5%) . 	Components were detected 
by their quenching of fluorescence or their absorption of 12• 
Preparative t.l.c. was performed with 1 mm layers of alumina 
or silica. 
Column Chromatography was performed using Laporte. Industries 
Grade H 100-200 mesh alumina prepared to the desired activity, 
or Fisons 80-200 mesh silica gel. 
Medium Pressure Liquid Chromatography separations were 
obtained using Merck silica gel 60 (40-60 pm) tap-fill packed 
in glass columns (250x15 mm, 1000x15 mm, 1000x25 mm (Quickfit 
Ltd)) fitted with solvent resistant connections and tubing 
(Jobling Corning) and safety valve (50 p.s.i.: Budenburg 
Gauge Co. Ltd.). 	The samples were preadsorbed onto silica 
and packed into 250x15 mm columns, these being used as 
"pre-columns." 
The solvent systems used were based on petroleum ether 
40/60 with varying amounts of ether. 	The flow rates (pump: 
Metering Pumps Ltd.) used were 15-40 ml min -1 depending on 
column size and the separation required. 
The eluant was monitored at 280 nm (UV meter: Laboratory 
Data Control) and collected in a fraction collector (Central 
Ignition Co. Ltd.). 	The fractions were also examined by 
t.l.c. 
2. PREPARATION OF MATERIALS 
Except where stated, starting materials, were commercially 
available samples and were not further purified. 
Dry Solvents 
Light petroleum and ether were dried over sodium wire. 
Super-dry ether was distilled from lithal. 	Benzene and 
toluene were distilled from calcium hydride, or sodium and 
benzophenone. 	Tetrahydrofuran and dimethoxyethane were 
distilled from calcium hydride. 	Cumene was freshly distilled 
from lithal before use. 	Carbon tetrachloride and aceto- 
nitrile were dried by distillation from phosphorus pentoxide. 
Super-dry ethanol and methanol were prepared according to 
Vogel 95 by distillation from the magnesium alkoxide. 
Dimethylsuiphoxide was dried over calcium sulphate, then 
distilled from calcium hydride under reduced pressure, b.p. 
39°/O.3 mmHg. 	Diethylamine, triethylamine and pyridine 
were dried over potassium hydroxide. 
Reagents 
The supports used in this work were; 
polystyrenes: a 98% styrene - 2% D.V.B. copolymer, 200-400 
mesh,purchased from Fluka A.G.; a macroporous 3% cross-
linked resin, 20-50 mesh, (Aldrich Chemical Company); a 
Merrifield (chloromethylated) polymer, 2% cross-linked, 200-
400 mesh,containing 3.5 mequiv dig (Fluka); and brominated 
polystyrene, 3% cross-linked, 20-50 mesh, containing approx-
imately 4 mequiv Br/g (Aldrich) 
_) _) 
Silica: Davison grade 57 (.0,355-05 mm particle Size) , was 
supplied by the British Petroleum Company. 
Trimethylphosphite and triethylphosphite were purified by 
distillation from sodium wire, in an atmosphere of dry nitrogen, 
b.p. 42 0 /10 mmHg and 53°/14 mmHg respectively. 
Triphenyiphosphine was dried by dissolving in dry toluene, 
and removing the solvent under reduced pressure. 
Chlorodiphenylphosphjne (Aldrich) was purified by distillation 
before use. 
Dimethyl chlorophosphorijte 96 and diethyl chlorophosphonjte 97 
were prepared from the corresponding trialkyl phosphite and 
phosphorus trichioride. 	Dimethyl chlorophosphonjte (14%) 
and diethyl chlorophosphonite (77%) had b.p. 104-106 0C (lit. 
111-112 °C), and b.p. 143-148 °C (lit. 154 0C) respectively 
Dimethyl phenyiphosphonite and diethyl phenyiphosphonite 
were prepared according to Harwood, 98  from the corresponding 
alcohol and dichiorophenyiphosphine. 	Dimethylphenylphosphonjte 
(25%) had b.p. 94 0C at 11 mmHg (lit. 98 0C/17 mmHg), and 
diethylphenylphosphonjte (61%), b.p. 58-60 0c at 0.7 mmHg 
(lit. 63-65 0c at 1 mmHg). 
Diphenyiphosphine prepared by the method of Kuchen, 99 had 
b.p. 155 - 1580C/10 mmHg (lit. 156-157 0C at 16 mmHg) 
2 _(Triethoxysily1)ethyldjphefly1phQ5pjfl 100  had b.p. 180°C 
at 0.2 mmHg (lit. 155-165°C at 0.1 mmHg). 
Methyl carbethoxymethyl (phenyl) phosphinate. 	This compound 
was prepared by the Prbuzov reaction between methyl bromoacetate 
and dimethyl phenyiphosphonite. 	To dimethyl phenylphosphonjte 
(15.0 g), under nitrogen, was added ethyibromoacetate (14.7 g), 
with external cooling. 	When the addition was complete, 
the mixture was heated to 110 0C for 1 h. 	Ball-to-ball 
distillation of the mixture gave, after removal of volatile 
starting materials, methyl carbethoxymethyj. (phenyl) phosphinate 
(11.30 g, 53%), as a colourless oil, b.p. 166 0C at 0.3 mmHg; 
1 16 1.5133; 	Vmax  (film): 	1730 (C=O), 1250, 1030 cm 1 ; 
1.11 (t, J 7Hz, 3H), 3.13 (d, J 18Hz, 211), 3.72 (d, J 11Hz, 
3H) , 4.06 (q, J 7Hz, 2H) , 7.4-7.9 (m, aromatic, 5H). 6 
C,1H, 5OP requires C. 5455; H,6.24 . 	Found: C, 54.68; 
H, 6.46%. 
Ethyl 2-(diethoxyphosphinyl) propionate, prepared according 
to Wadsworth, 101  had b.p. 100 0C at 0.8 mmHg (lit. 143-144 °C! 
12 mmHg) 
Ethyl 2-[ethoxy(phenyl)phosphinyl]propjonate. 
To ethyl 2-bromoproDionate (19.8 g) was added slowly, with 
stirring, diethyl phenyiphosphonite (18.1 g). 	After about 
one quarter had been added, the mixture was heated to reflux 
and the temperature maintained by addition of the bromoester. 
Upon complete addition, the mixture was refluxed for 1 h, then 
fractionally distilled. 	The fraction, b.p.130-136 0C at 0.3 mmHg, 
was collected and redistilled, b.p.112-114 0C at 0.1 mmHg, to 
give the title compound 	(22.8 g, 84%). (Found: C, 57.75; 
H, 7.04. 	C13H, 9 0P requires: C, 57.77; H, 7.09%). 'max 
(film): 	1730 (C=O) , 1235, 1170, 1030 cm- 1.6 H 1.0-1.6 (m, 
911), 2.8-3.3 (m, 1H), 3.8-4.3 (m, 4H),7.4-7.9 (m, aromatic, 
511). 	6 +38.4 and +38.8. 	(No attempt was made to separate 
the diastereoisomers) 
Carbethoxymethyl[ 2- (triethoxysilyl)ethylldiphenylphosphonium  
bromide. 	To 2- (triethoxysilyl)ethyl(diphenyl)phosphjne (5 g) 
in benzene (25 ml) was added slowly, ethyl bromoacetate (2.2 
g). 	The solvent was removed to give a viscous syrup (7.01 
g, 97%) . 	V 	(film) : 	1730 (C=O) , 1450, 1300, 1160, 1080max 
cm- 1.6 H (C 6 D 6 ) 0.1-0.6 (m, SiCH 2 CH 2 p-, 2H), 0.7-0.9 (m, 
CO2CH 2 CH 3 , 3H), 1.1-1.4 (m, CH3CH 2 OSi, 9H), 3.6-4.1 (m, CH2CH 2 
and -SiCH2CH2P-, 10H), 5.7-5.9(br d, J 14Hz, -PCH2CO-, 2H), 
7.15 (s, aromatic, 2H), 7.2-7.5 (m, aromatic, 4H) 8.0-8.5 
(m, aromatic, 4H). 	6 +27.3. 	Attempts to prepare an 
analytical sample proved unsuccessful, as did the attempted 
preparation of the tetraphenylborate salt. 
Benzyl[ 2 _(triethoxysily1)ethyl}djpheny1pho5pQflj 	bromide 
was similarly prepared from the silane (5 g) and benzyl bromide 
(2.3 g) as a glass-like solid (6.07 g, 83%), m.p.93-950C (with 
decomposition). 	6  (CD 3 SOCD 3 ) 0.4-0.8(br m, PCH2CH2Si, 2H), 
1.13 (t, J 7Hz, Me, 9Hz), 2.7-3.1 (br m, -PCH2CH2S1-, 2H) 
3.76 (q, J 7Hz, 6H) , 4.7-5.0(br d, J 15Hz, PCH 2 Ph, 2H) , 
6.9-7.4 (m, aromatic, 5H) , 7.5-8.0 (m, aromatic, 10H) 
Attempts to prepare an analytical sample or a suitable 
derivative for microanalysis were unsuccessful. 
p -Chloronitrosobenzene. 	The corresponding hydroxylamine 
was prepared from p -chloronitrobenzene by the method of 
Rising. 102 The hydroxylamine so obtained was oxidised using 
silver carbonate on celite 103 to give p -chloronitrosobenzene, 
m.p. 91-92 °C (lit. 92-93 °C) (from aqueous ethanol) 
Silver Carbonate Reagent on Celite was prepared according to 
104 the method of Fetizon and Golfier 
4,4 ' -Dichloroazoxybenzene,N_(4_chlorophenyl) hydroxylamine 
(6 g) was dissolved in dry methylene chloride (50 ml) dnd 
the solution poured onto silver carbonate on celite (20 g) 
The mixture was filtered and the filtrate reduced in volume 
to give 414'-dichloroazoxybenzene (5.37 g, 96%) m..p.153-154 0C 
(lit.155 0C) (from ethanol). 
4,4'-Dichloroazobenzene, prepared by reduction of the 
corresponding azoxy compound with triethyl phosphite 105 
had m.p.187-188 0C (lit.188 0C) (from acetone). 
Thallium (III) Acetate was prepared according to South and 
Ouellette 106 from thallium(III) oxide and acetic acid. 
Potassium phthalimide was prepared by the method of Dykeman) 07 
4-Methyl - 2 --nitrophenyl-4'-methyiphenyl sulphide was prepared 
according to Galt and Loudon 108  and had m.p.115-116 0C (lit. 
116 0C) (from ethanol). 
3-Methoxyphenothiazine and 3,8 -Dimethylphenothjazine, prepared 
according to Cadogan et al, 109  had m.p.160-162 o  C (lit. 110  
163 °C), and m.p.212-2130C (lit.213 0C) respectively. 
2 -Nitrobenzylidene-p-anisjdjne, prepared from p-anisidine 
and o-nitrobenzaldehyde by heating in ethanol, had m.p.79 0C 
(lit. 79 0C) (from ethanol) 
2 - (4-Methoxyphenyl)jndazole was prepared according to 
ill , 
 and had m.p.131-132 0C (lit.131 0C) (from ethanol). 
5 -Chloro- 2-diethylamino-3,H-azepjne was prepared, by the 
method of Cadogan 1123as a yellow oil, b.p.100 0C/0.,5 mmHg. 
5-Chloro-1 , 3-dihydro- 1 -methyl-2,i-i_azepin_2_one. 	This 
compound was prepared using the procedure of Atherton and 
Lambert 94 , as a yellow oil, b.p.79 0/0.05 mmHg. 	(Found: 
2. 
157.030810, C7H8 35C1NO requires 157.029438) 	6 2.90 
(d, J 8Hz, 3-H2) , 3.1 (s, N-Me), 5.68 (t, J 8Hz, 4-H), 5.73 
(d, J 9Hz, 6-H), 6.23 (d, J 9Hz, 7-H). 
Vmax (film): 	1680 
(C=O) , 1630, 1600, 1370, 1190, 1000 cm 1 . 
4 -Chloro-N'N'-diethyl-N 2N 2 -dimethyl o -phenylenediamine (1.3%) 
was also isolated, and characterised as the picrate salt 
(Found: C, 47.55; H, 4.81; 	N, 15.45. 	C18H22C1N 5 0 7 
requires: C, 47.43; 	H, 4.86; N, 15.36%). 
N-Phenethylpjperazjne was prepared by the method of Baltzly 4 
and had b.p.155-160 0C/9 mmHg (lit.150-152 °C/8 mmHg). 
3. 	POLYSTYRENE - SUPPORTED ORGANOPHOSpHORUS REAGENTS 
All reactions involving lithium or phosphorus reagents 
or resins, were carried out using 'super- dry' solvents in an 
atmosphere of dry nitrogen. 
3.1 Preparation of Supported Reagents 
Washing of Cross-linked Polystyrene Resin. 	The 
commercial resins used were washed routinely to remove surface 
impurities 31 . 	The following solutions were used at 60-80 °C 
with, in each case, a contact time of 30-60 min with the resin: 
1 N NaOH, 1 N HC1, 2 N NaOH - dioxane (1:2), 2 N HC1 - 
dioxane (1:2), water, dimethylformamide. 	The resins were 
then washed at room temperature with the following: 2 N HC1 
in methanol, water, methanol, methanol-djchloromethane 
(1:3), methanol-dichioromethane (1:10). 	The resins were 
then dried under vacuum (>0.1 mmHg) at 50-70 °C. The washing 
was accompanied by a weight loss of approximately 10% in each 
case. 
Bromination of Cross-linked Polystyrene Resins. 
The method of Farrall and Frechet 53 was used, the following 
being typical. 	To the resin (20.21 g) suspended in dry 
carbon tetrachloride (300 ml) was added thallium(III) chloride 
(1.21 g; 1:61, catalyst:polymer). 	The reaction mixture was 
stirred in the dark for 30 minutes, then bromine (13.3 g) in 
carbon tetrachloride (20 ml) was added slowly. 	After stirring 
for 1 h at room temperature in the dark, the mixture was heated 
to ref lux for 1.5 h. 	The reaction mixture lost all 
coloration due to free bromine. 	The resin was collected on 
a filter and washed with carbon tetrachloride, acetone, 
acetone-water (2:1), acetone, benzene and methanol. 	After 
drying under vacuum (70 °C/0.1 mmHg) the cream-coloured resin 
weighed 24.38 g and contained 2.41 mequiv Br/g. 
(Functional yield 78%) 
Brominations were also carried out using thallium(III) 
acetate, in a catalyst to polymer ratio of 1:55. In these 
cases the yields were almost quantitative. 
Lithiation of Bromopolystyrene. 	This was achieved by the 
method of Farrall and Frachet 53 . 	The lithiated resin was 
prepared by reaction of a brominated resin using an excess of 
n-butyl lithium in dry benzene at 60 °C for 3 h. 	After cooling 
and removal of the liquid phase the lithiated resin was 
washed with dry benzene and dry THF, and immediately used in 
subsequent reactions. 
In one case the extent of lithiation was determined by 
quenching the resin with carbon dioxide. 	Bromopolystyrene 
(10.19 g, 2.41 mequiv.Br/g) was lithiated using n-butyl 
lithium (50 ml of 1.6M solution in hexane). 	The lithlated 
resin so prepared was added to a suspension of powdered 
carbon dioxide in THF. 	After washing and drying 53  the resin 
weighed 9.31 g. Acid-base titration of a resin sample 115 
showed that it contained 2.05 mequiv of carboxyl group per 
gram. The overall functional yield was thus 78%. 
Diphenyiphosphinopolystyrene. 	Two methods were used to 
prepare this resin; typical examples are given: 
53 According to Farrall and Frechet . 	Lithiated resin, 
prepared from bromopolystyrene (17.62 g, 3.52 mequiv Br/g), 
was suspended in dry tetrahydrofuran (200 ml) and chiorodiphenyl-
phosphine (55.3g, 0.25 mol) added. 	After 3 h at room tempera- 
ture the resin was collected on a filter and washed successively 
with THF, ether, THF-water (2:1), water, THF, benzene, 
and finally methanol. 	After drying (70 0C/0.1 mmHg), 20.52 g 
of resinwere obtained containing 1.65 mequiv Pig, (determined 
by 'titrating' polymer with p-chloronitrosobenzene). 
By the method of Relies and Schluenz. 31 	To a suspension 
of brominated resin (11.37 g containing 3.52 mequiv Br/g) in 
dry THF (250 ml) under N 2 was added a solution of chiorodiphenyl-
phosphine (18.4 g, 0.084 mol) in THF (50 ml) followed by lithium 
(1.2 g, 0.17 mol). 	The mixture was stirred at room temperature 
for 16 h then ref luxed for 8 h. 	The mixture was hydrolysed 
with methanol (10 ml), and filtered, and the resin was then 
washed with chloroform-methanol (2:3), (3:1) and(9:1), then pure 
chloroform. 	After drying in vacuo (80°C/0.05 mmHg), 13.62 g 
of resin were obtained. 
(2-Brornoethyl) polystyrene. 	This resin was prepared according 
to the method of Farrall and Frechet 53 . 	Brominated polystyrene 
(15 g, macroporous,5.26 mequiv Br/g) in dry benzene (120 ml) 
was lithiated with n-butyl lithium (160 ml of 1.6M solution 
in hexane). 	To the lithiated resin, in dry benzene (150 ml) 
was added 1,2-dibromoethane (109 g) with external cooling and 
the suspension stirred for 16 h at room temperature. 	The 
mixture was filtered and the resin washed with benzene, 
ethanol, THF, THF-water, water, THF, benzene, ethanol 
and finally ether. 	After drying in vacuo the resin weighed 
14.03 g and contained 3.27 mequiv Br/g. 
[2-(1 ' - Piperazinyl)ethyl]polystyrene. 	An attempt was made 
to prepare this resin by a simple alkylation reaction. 	(2- 
Bromoethyl)polystyrene (14.01 g) and piperazine (34 g) in 
benzene (250 ml) were refluxed for 12 h. 	The mixture was 
filtered and the resin washed successively with ethanol, THF, 
water, THF-water (2:1), THF, ether and finally methanol. 
After drying 14.01 g of resin were obtained. 	Analysis showed 
no nitrogen to be present. 
A further attempt to prepare this polymer was carried out 
by using the conjugate base of piperazine. 	To a suspension 
of sodium hydride (2.4 g, 0.1 mol) in DME (100 ml) was added 
piperazine (9.5 g, 0.11 mol) in DME (100 ml), and the mixture 
stirred at room temperature until hydrogen evolution had 
ceased. 	The recovered resin from above (14.0 g) was added and 
the suspension stirred at room temperature for 16 h. 	The 
mixture was filtered and the resin washed as before and dried 
to yield 13.92 g. 	Analysis for N again proved negative and 
the preparation was abandoned. 
Cyanomethylpolystyrene. 	The resin was prepared using the 
method of Frechet et al. 116 	Chlorornethylated polystyrene 
(15 g, 3.45 mmol dig) and sodium cyanide (9 g) in DMF (130 
ml) were stirred at 80 °C for 6 h. 	The mixture was filtered 
and the polymer washed extensively with water, methanol, water 
dioxane-water (4:1), DMF, dioxane, acetone, chloroform 
and finally methanol. 	After drying under vacuum (80 °C/0.1 
mmHg) 14.63 g of resin were obtained. 	The infrared spectrum 
of the resin contained a sharp band at 2245 cm 1 , and the 
resin contained 3.98% N or 2.84 mequiv CN/g. 	(Functional 
yield 80%) 
Reduction of Cyanomethylpolystyrene 
A. 	Reduction using Lithium Aluminium Hydride 
Cyanomethylated resin (3.0 g, 2.84 mequiv N/g) was 
suspended in a saturated solution of lithal in THF (30 ml) 
to which had been added aluminium trichioride (0.1 g). 	The 
mixture was stirred at room temperature for 2 h, then hydrolysed 
by the addition of wet THF. 	The resin was collected on a 
filter and washed extensively with methanol, chloroform, 
dioxane-water (3:1), dioxane-3N HC1 (3:1), dioxane, dioxane- 
water (3:1), water and finally methanol. 	After drying in 
vacua at 80 0C the polymer weighed 3.57 g. 
To determine the presence of amino groups the recovered 
resin was reacted with ethyl formate. 	The polymer (3.50 g) 
was suspended in THF (50 ml) and ethyl formate (10 ml) added. 
After stirring for 2 h at room temperature the mixture was 
filtered and the resin washed with ethanol, THF, water, THF- 
water (2:1), THF, ether and finally methanol. 	After drying 
3.51 g of resin were obtained. 	The infrared spectrum contained 
no carbonyl band but a broad band was present at 3400 cm-1. 
Analysis for C, H and N revealed 22% of the weight unaccounted 
for by these elements. 
B. 	Reduction using Borane-THF Complex 
Cyanomethylated polystyrene (9•55 g, 2.78 mequiv N/g) 
was added to a solution of borane-THF complex (80 ml of 1M in 
THF) and the suspension stirred at room temperature for 48 h. 
The resin was then removed and resuspended in wet ethanol. 
After stirring for 24 h, the polymer was filtered off and 
washed with water, methanol, water, dioxane-water (4:1), 
DMF, dioxane, acetone, chloroform and finally methanol. 
After drying the resin weighed 10.30 g. 	The resin had a 
broad band in its infrared spectrum at 3400 cm-1 and contained 
3.54% N or 2.53 mequiv N/g 
(4 -Bromobutyi)polystyr. 	Bromjnated polystyrene (15.08 g, 
5.26 mequiv Br/g) was lithiated using n-butyl lithium (130 ml 
of 1.6M solution in hexane) 	. 	 To the lithjated resin 
in dry benzene (100 ml) was added 1,4 -dibromobutane (20 ml) 
dropwise with external cooling. 	After addition was complete 
the reaction mixture was stirred for 16 h at room temperature. 
After filtration the resin was washed and dried as described 
previously for polystyryl-ethylene bromide to give 14.67 g 
of resin. 	The bromine content was calculated (by difference) 
to be 1.84 mequiv Br/g. 
( 4-Formamidobutyl)polystyrene. 	The polymer from the pre- 
ceding preparation was used in an attempt to prepare the amide 
117 by an N-alkylation reaction 	. 	To sodamide (2.5 g, 0.06 mol) 
in THF (40 ml) and DMF (10 ml) was added formamide (5.8 g, 
0.13 mol) and the solution stirred until ammonia evolution 
had ceased (about 1 h) and a white precipitate formed. 	To 
this was added bromobutylpolystyrene resin (2.5 g) and the 
suspension stirred at room temperature for 72 h. 	Water was 
then added and the mixture filtered. 	The resin,after washing 
with ethanol, THF, water, THF-water (2:1), THF, ether, 
and methanol, and drying in vacuo at 80 0C,weighed 2.42 g. 
The infrared spectrum had a carbonyl absorption at 1675 cm 1 , 
and a nitrogen content of 0.40% or 0.29 mequiv N/g was found. 
Phthalimidomethylpolystyrene. 	This resin was prepared by 
the procedure of Mitchell et al. 118 Chloromethylpolystyrene 
(10 g, 3.5 mmol dig) and potassium phthalimide (11.1 g) in 
DMF (250 ml) were stirred at 120 0C for 6 h. 	The resin was 
collected and washed with hot DMF, DMF-water (1:1), water, 
water-djoxane (1:1), dioxane, ethanol, and methanol, then 
dried to give 12.63 g of resin containing 2.86% N or 2.04 
mequiv N/g. 
Arninomethylpolystyrene. 	This resin was prepared according 
to Mitchell et al .  118 Phthalimidomethylpolystyrene (12.5 g) 
and hydrazine hydrate (25 ml, 0.5 mol) in ethanol (200 ml) 
were heated at reflux for 8 h. 	The resin was collected and 
washed with hot ethanol DMF, DMF-water (1:1), water, water- 
dioxane (1:1), dioxane, ethanol and methanol. 	After drying, 
the resin weighed 8.87 g and contained 4.12% N,equivalent to 
2.94 mequiv N/g. 	The infrared spectrum contained a broad 




Aminornethylpolystyrene (8.87 g, 2.94 mequiv N/g) and benz-
aldehyde (15 g, 0.15 mol) in benzene (150 ml) were refluxed 
for 5 h. 	The polymer, which was now coloured bright orange- 
yellow, was removed and washed with ethanol, ether, dioxane, 
dioxane-water (1:1), water, dioxane, ethanol and ether. 
After drying in vacuo at 70 °C, the resin weighed 11.07 g. 
Formylpolystyrene. 	This resin was prepared by two different 
methods. 
A. 	By the method of Farral and Frechet 53 . 	Lithiated resin 
was prepared from brominated polystyrene (15.0 g, macroporous, 
3.53 mequiv/g). 	The resin was suspended in dry THF (150 ml) 
and N,N-dimethyl formamide (50 ml) added with stirring. 	The 
resin was collected on a filter and washed with THF-water 
(2:1) , THF-water-HC1 (8:2:1) , water, THF-water (2:1), 
THF and finally methanol. 	After drying (40 °C/0..1 mmHg), 
13.09 g of resin were obtained. 	The infrared spectrum 
included absorptions at 2720 cm 1 and 1690 cm 1 . 
To determine the degree of functionalisation the oxime 
was prepared by reaction of the aldehyde resin (0.8 g) with 
hydroxylamine hydrochloride (1 g) in pyridine (15 ml). 
After 4 h at 90 °C, the resin was washed successively with 
pyridine, water, THF-water (2:1), THF, benzene, di-
chioromethane, and methanol, then dried to give 0.83 g of 
resin. 	The infrared spectrum showed a broad hydroxyl 
absorption at 3350 cm and no residual carbonyl absorption. 
Analysis gave 2.74% N or 1.96 mequiv N/g. 	From this the 
minimum degree of functionalisation could be calculated and 
DI 
correspondedto 2.09 mequiv/g of aldehyde group. 
B. 	From chloromethylpolystyrene using the method of Frechet 
and Schuerch 5 . 	Chloromethylpolystyrene (10.68 g, 3.5 mmol 
Cl/g) in DMSO (250 ml) containing sodium bicarbonate (15 g) 
was stirred at 155 °C for 5 h then at room temperature for 
24 h. 	The polymer was collected, washed with DMSO, hot 
water, dioxane-water (2:1), then rinsed with dioxane, 
acetone, ethanol, methylene chloride and benzene. 	The 
resin was dried in vacuo to give 9.99 g. 
N -Methylaminomethylpolystyrene. 	Three independent routes 
to this polymer were designed, starting from readily available 
functionaljsed resins. 
Reaction of Chioromethylpolystyrene with Methylamine 
This method was adapted from that of Holmes and Ingold 9 
for the preparation of benzylmethylamine. 	Chloromethylpoiy- 
styrene (5 g, 3.5 mequiv dig) and methylamine (8 ml of 25-30% 
w/v aqueous solution) in ethanol (25 ml) were heated, in a 
well-stoppered flask fitted with a condenser, at 60 0C for 
2 h. 	Then a further volume of methylamine solution (8 ml) 
was added, and the mixture again heated at 60 °C for 2 h. 
The polymer was filtered, washed as described for aminomethyl-
polystyrene and dried to give 4.67 g of resin. 	A broad 
absorption was present in the infrared spectrum at 3350 cm -1 . 
The nitrogen content was 2.29% or 1.64 mmol N/g (46°), 
Preparation and Hydrolysis of an Iminium Salt 
The method was adapted from that used by Hauser and 
Ledniser 12° to prepare substituted amines. 	N-Benzylidine 
aminomethylpolystyrene (11.0 g, 2.04 mequiv N/g) was swollen 
in dry chloroform (100 ml) and methyl iodide (25 ml) added. 
The mixture was stirred for 120 h at room temperature. The 
resin, now coloured orange-brown, was removed, washed with 
chloroform and ether, then dried in vacuo at 80 °C. After 
this the resin weighed 12.94 g (55%) 
Hydrolysis was carried out by refluxing the resin in 
dioxane-water (150 ml:30 ml) for 2 h. 	The resin was stirred 
for 1 h in dioxane-dilute acetic acid (1:1, 200 ml) and I h 
in dioxane-30% sodium hydroxide (1:1; 200 ml), then washed 
with dioxane, water, methanol, ethanol, chloroform and 
ether. 	After drying (70 °C/0.1 mmHg), 10.38 g of polymer 
were obtained. 	The infrared spectrum contained a broad band 
at 3.400 cm -1  and the resin contained 2.97% N, that is 2.12 
mequiv N/g. 
C. 	Preparation and Reduction of an Imine 
The imine was prepared from formylpolystyrene and 
methylamine by modifying the procedure of Krimm 121 . Formyl-
polystyrene (9.99 , prepared from chioromethylated resin) 
was suspended in benzene (50 ml) and methylamine (100 ml of 
33% solution in ethanol) added. 	After 72 h at room tempera- 
ture, the resin was removed and washed with benzene, chloro- 
form, diglyme and ether. 
The reduction was attempted with sodium borohydride 
according to the method of Horii et al. 122 	The polymer 
was suspended in diglyme (100 ml) containing sodium borohydride 
(5 q) and the mixture stirred at room temperature for 48 h. 
The mixture was filtered and the polymer washed with DMF, 
53 
DNF-water (1:1), water, 	iN HC1, dioxane-1N HC1 (1:1), 
iN NaOH, dioxane-1N NaOH (1:1), dioxane-water (1:1), 
dioxane, ethanol, methanol and ether. 	The polymer was 
dried to give 10.02 g. 	The infrared spectrum contained bands 
at 1690 cm- 1 (C=O) and 1650 cm- 1 (C=N) indicating incomplete 
reaction. 
The reaction with inethylamine and subsequent reduction 
were repeated upon the resin and the infrared spectrum now 
contained a large absorption at 3350 cm 1 and no bands due 
to C=O or C=N. 	From elemental analysis, the polymer contained 
2.12% N or 1.51 mequiv N/g. 
Dimethoxyphosphinopo1ystyrene 	This polymer was prepared 
by lithiation of bromopolystyrene and reaction with chioro-
dimethyiphosphonite. 	The following procedure is typical. 
Bromopolystyrene (2.46 g, 4.03 mequiv Br/g) was lithiated 
using n-butyl lithium. 	To the lithiated resin in dry 
tetrahydrofuran (30 ml) at -78 °C was added chlorodimethyl- 
phosphonite (5 ml) dropwise with stirring. 	The resin changed 
colour from grey to yellow immediately. 	After stirring for 
2 h at room temperature, the mixture was filtered and the poly-
mer washed with the following dry solvents: THF, benzene, 
ether, THF, and methanol, then dried in vacuo at 60 0C 
to give 2.49 g of resin. 	The product had bands in its 
infrared spectrum at 1030 cm- 1 (P-0-C stretch) and 1450 cm 
(P-Ar stretch) and contained 6.3% P or 2.03 mequiv P/g. 
Some residual bromine was also present (1.02%, i.e. 0.13 
mequiv Br/g). 
54 
In later preparations, the lithiation step was repeated, 
and the final polymer not isolated, but reacted.jn situ. 
Diethoxyphosphinopo1ystyre. 	This preparation was similar 
to that of the dimethoxyphosphino resin,however,chlorodiethyl_ 
phosphonite was used. 	In a typical preparation,bromopoly- 
styrene (5.03 g, 4.12 mequiv Br/g) was lithiated and reacted 
with chlorodiethylphosphonite to give, after washing and 
drying, 5.45 g of resin (i.e. 1.9 mequiv P/g calc. from weight 
A 
	. Usually, however, the polymer was prepared 
and reacted in situ. 
Reaction of Dimethoxyphosphinopolystyrene with Ethyl 
Bromoacetate - Preparation of Carbethoxy(methoxy)phosphjnyl_ 
polystyrene. 	Dimethoxyphosphinopolystyrene, prepared in situ 
from bromopolystyrene (3.04 g, 4.12 mequiv Br/g), ethyl bromo-
acetate (7.53 g, 0.045 mol) and dry benzene (30 ml) were 
heated to 60 °C for 16 h. 	The mixture was filtered and the 
polymer washed with benzene, toluene, methanol, THF, ether, 
THF-water (2:1), water, THF, benzene and methanol. 	The 
resin was dried in vacuo at 60 °C to give 2.72 g. 	The 
infrared spectrum contained a carbonyl absorption at 1730 cm 
Reaction of Diethoxyphosphinopolystyrene with Ethyl 2-
Bromopropionate - Preparation of [l - (carbethoxy)ethyl]ethoxy... 
phosphinylpolystyrene. 	Diethoxyphosphinopolystyrene, 
prepared in situ from bromopolystyrene (7.55 g, 3.52 mequiv 
Brig), ethyl 2-bromopropionate (9.62 g, 0.053 mol) and dry 
THF (30 ml) were stirred at 45 °C for 24 h, then at 80°C for 
6 h. 	The mixture was filtered and the resin washed with THF, 
benzene and ether, then dried in vacuo (45 0C) to give 7.73 
g of white resin. 	The infrared spectrum contained a carbonyl 
absorption at 1725 cm 	and bands at 1235 cm- 1 (P=O) and 
-1 1030 cm 	(P-O-R). 
3.2 Reactions of Supported Phosphonites and Phosphines 
with Aryl Nitro- and Nitroso-compounds 
Reaction of Dimethoxyphosphinopolystyrene with p-chloro-
nitrosobenzene. 	Dimethoxyphosphinopolystyrene (1.93 g, 
2.03 mequiv P/g) was swollen in dry benzene (25 ml). p-Chloro-
nitrosobenzene (2.31 g, 0.016 mmol) in dry benzene (25 ml) 
was added rapidly with stirring. 	After 24 h at room tempera- 
ture the mixture was filtered, the polymer extracted with 
benzene for 8 h then washed with ethanol, THF, ether and 
methanol. 	After drying in vacuo (60 0C) for 24 h the resin 
weighed 2.02 g. 
From the liquid phase, extraction and washings, was 
isolated a yellow-brown solid (2.21 g). 	The solid was chroma- 
tographed on alumina (dry column) using trichioroethylene as 
eluant. 	The column was divided into seven segments and 
each extracted with ether. 	The following fractions were 
obtained: 	(1) Yellow solid (0.79 g);(2-3) Yellow solid 
(1.22 g); 	(4) Yellow solid (0.06 g);(5-8) 	Red oils (0.08 
g) . 	Fraction 1 was shown to be p -chloronitrosobenzerie (0.79 
g,34%) identified from n.m.r. 	Fractions 2-3 contained 
chloronitrosobenzene and 4,4'-dichloroazoxybenzene in a molar 
ratio of 1.75:1, calculated from the n.m.r. integral trace 
(i.e. 0.94 g azoxy and 0.28 g nitroso). 	Fraction 4 contained 
4,4 1-dichloroazoxybenzene (0.06 g, 3%) identified from n.m.r. 
Fractions 5-8 contained a number of compounds (>7 by TLC) 
none of which was identified. 	The yield of 4i1'-dichloro- 
azoxybenzene was thus 95% on the basis of phosphonite. 
Reaction of Dimethoxyphosphinopolystyrene with p-chloro-
nitrosobenzene in ref luxing benzene. 	To dimethoxyphosphino- 
polystyrene (1.52 g, 1.65 mequiv Pig) in dry benzene (15 ml) 
was added p-chloronitrosobenzene (1.59 g, 0.012 mol) in dry 
benzene (35 ml). 	The mixture was refluxed for 6 h, stirred 
at room temperature for 14 h, then filtered. 	The polymer 
was extracted with ethanol for 5 h, washed with THF, ether 
and ethanol and dried at 60 °C/0.1 mmHg to give 1.55 g. 
From the liquid phase, extraction and washings,a brown solid 
(1.49 g) was obtained. 	This was chromatographed on alumina 
(dry column) using light petroleum to develop the column. 
The following fractions were obtained. 	(1) Pale yellow solid 
(0.65 g); (2-3) yellow solid (0.23 g); 	(4-6) yellow solid 
(0.49 g); 	(7) Red oil (0.09 g). 	Fraction 1 was shown to 
be p -chloronitrosobenzene (0.65 g, 41%), identified by compari-
son with an authentic sample having identical n.m.r. spectrum. 
Fractions 2-3 contained p-chloronitrosobenzene and 4,4-di-
chloroazoxybenzene (36:64% by weight from n.m.r. integral) 
Fractions 4-6 were shown to be 44'-dichloroazoxybenzene (0.49 
g, 33%) by comparison of n.m.r. with that of authentic sample. 
Fraction 7 was not identified. 	The total yield of 4/1'-di- 
chloroazoxybenzene (0.46 g) was 96% based on the phosphorus 
present. 
Reaction of Dimethoxyphosphinopolystyrene with 4-Methoxy-
phenyl-2-nitrophenyl Sulphide. 	Dime thoxyphosphinopoly- 
styrene (3.40 g containing 1.65 mequiv P/g) and 4-methoxy-
phenyl-2-nitrophenyl sulphide (0.49 g, 0.002 mol) were refluxed 
in freshly distilled and deperoxidised cumeñe for 32 h. 
Examination of the reaction by t.l.c. showed a product spot 
in trace amount only. 	The reaction mixture was filtered 
and the polymer washed with THF, ethanol, THF and benzene. 
From the liquid phase and washings, 	yellow solid (0.45 g) 
was obtained. 	Dry column chromatography on alumina using 
toluene as eluant gave two fractions. 	Fraction 1, yellow 
solid,was shown to be 4 -methoxyphenyl-2-nitrophenyl sulphide 
(0.44 g, 90%),m.p.92-93 0 . ( from ethanol),having correct n.m.r. 
spectrum. 	Fraction 2 was identified as 3 -methoxyphenothiazjne 
(0.01 g, 2%) from the n.m.r. spectrum. 
The recovered polymer was suspended in dry benzene (20 ml) 
and p-chloronitrosobenzene (1.56 g, 0.011 mol) in benzene 
(25 ml) added. 	After stirring for 20 h at room temperature 
the mixture was filtered and the polymer washed with' benzene. 
From the liquid phase and washings, a pale yellow green solid 
was obtained (1.44 g), identified from the n.m.r. spectrum as 
p -chloronjtrosobenzene (92% recovery) . 	No trace of azoxy 
product was detected by n.m.r. 
Reaction of Dimethyl phenyiphosphonite with 4-methoxyphenyl-
2-nitrophenyl sulphide. 	To freshly distilled and deperoxidised 
cumene (50 ml) were added dimethyl phenylphosphonite (3.88 g, 
0.023 mol) and 4-methoxyphenyl-2-nitrophenyl sulphide (1.5 g, 
0.006 mol) . 	The mixture was ref luxed gently for 10 h. 
U 
Analysis by t.l.c. (alumina/toluene) revealed the presence of 
3-methoxyphenothiazine and the absence of starting material. 
3 
1 P n.m.r. of the reaction mixture indicated the presence of 
dimethyl phenyiphosphonate and the Arbusov rearranged product, 
methyl methylphenylphosphinate. 	The solvent and phosphorus- 
containing compounds were removed by distillation, and the 
residue (1.39 g) adsorbed on alumina and subjected to dry 
column chromatography on alumina using toluene. 	Extraction 
of the column segments with methylene chloride gave two 
fractions. 	Fraction 1,dark red oil (0.11 g),was shown to con- 
tain starting material, identified from the n.m.r. spectrum. 
Fraction 2, pale pink solid, was shown to be 3-methoxypheno- 
thiazine (0.97 g, 74%), 	m.p.161-163 0C, having correct i.r. 
and n.m.r. spectra. 
Reaction of dimethoxyphosphinopolystyrene with 4-methoxy--
phenyl - 2 -nitrophenylsulphjde. 	Dimethoxyphosphinopolystyrene 
(3.0 g, containing 6.15 mequiv P/g) was swollen in dry 
cumene (40 ml),4 -methoxyphenyl-2_njtrophenyl sulphide (0.49 g, 
0.002 mol) was added and the suspension ref luxed for 30 h. 
After filtration, washing and drying, 3.17 g of polymer were 
obtained. 	From the liquid phase and washings, after removal 
of the solvent, a yellow residue (0.42 g) was obtained. 	The 
residue was adsorbed on alumina and subjected to chromatography 
on an alumina column when the following fractions were eluted 
with petrol-ether (1:1 v/v): (1) white crystalline solid 
(0.02 g); 	(2-3) yellow crystalline solid (0.29 g); 	(4-5) 
white solid (0.04 g). 	Fraction 1 was shown to contain bis-c 
-cumyl (0.02 g) from the n.m.r. spectrum. 	Fraction 2 was 
identified as 4-methoxyphenyl-2-nitrophenyl sulphide (0.29 
g, 59%),m.p.94-95 0 , identified by comparison with an authentic 
specimen having identical i.r. and n.m.r. spectra. 	Fraction 
3 was identified as 3-methoxyphenothiazine (0.04 g, 9%) 
having correct n.m.r. spectrum. 
Reaction of Diethoxyphosphinopolystyrene with 4-methyl-
2-nitrophenyl-4 '-methyiphenyl sulphide. 	Diethoxyphosphino- 
polystyrene, prepared in situ from bromopolystyrene (2.50 g, 
4.12 mequiv Br/g), 4-methyl-2-nitrophenyl-4 '-methyiphenyl 
sulphide (0.68 g, 0.003 mol) and cumene (30 ml) were boiled 
under reflux for 48 h. 	The mixture was filtered and the 
polymer washed with cumene and benzene. 	Excess of solvent 
was removed from the liquid phase plus washings,and the 
residue adsorbed on silica and subjected to chromatography 
on silica (m.p.l.c.). 
with methylene chloride: 
yellow solid (0.01 g); 
yellow solid (<0.01 g) ; 
yellow solid (0.02 g); 
The following fractions were eluted 
(1) Yellow solid (0.49 g); 	(2) 
(3) yellow solid (<0.01 g); 	(4) 
(5) yellow solid (0.01 g); 	(6) 
(7) red oil (<0.01 g) . 	Fraction 1 
was identified as starting material (0.49 g, 72%) by comparison 
with an authentic sample having identical n.m.r. and i.r. 
spectra. 	Fractions 2-7 gave no characterisable products 
and nothing that could be attributed to 2,7-dimethyipheno-
thiazine. 
The recovered polymer was swollen in benzene (30 ml) 
and p -chloronitrosobenzene (2.0 g) added. 	After 24 h at 
room temperature,filtration, and washing of the polymer, 
chloronitrosobenzene (1.96 g) was recovered. 	No 4,4'-di-- 
chloroazoxybenzene was present, determined from the n.m.r. 
spectrum. 
Reaction of Diethoxyphosphinopolystyrene with p-chloronitro-
benzene. 	Diethoxyphosphinopolystyrene was prepared in situ 
from bromopolystyrene (4.04 g, 4.12 mequiv Br/g) and suspended 
in dry benzene (30 ml). 	p-Chloronitrobenzene (5.46 g, 0.035 
mol) in benzene (30 ml) was added and the suspension stirred 
at ref lux for 35 h. 	Examination by t.l.c. indicated only 
starting material to be present. 	The mixture was filtered 
and the polymer washed with benzene, ethanol and ether. From 
the liquid phase plus washings was recovered p-chloronitro- 
0 benzene (5.24 g, 966), m.p.83-84 0 (from ethanol). 
Reaction of Diethoxyphosphinopolystyrene with N-(o-nitro-
benzylidene) -p-anisidine. Diethoxyphosphinopolystyrne 
(6.93 g) was prepared from bromopolystyrene (6.25 g, 4.12 
mequiv Br/g) by the normal method. 
To this resin (3.00 g) in dry curnene (50 ml) was added 
N- (o -nitrobenzyljaene)_p_aflj5jjfl (0.51 g, 0.002 mol), and 
the mixture ref luxed (153 °C) for 30 h. 	The mixture was 
filtered and the polymer washed with benzene, chloroform and 
ether,then dried under vacuum. 	The resin weighed 3.07 g. 
The liquid phase and washings were combined and the 
solvents removed under reduced pressure. 	The residue (0.45 g) 
was adsorbed on silica and chrornatographed on silica when two 
fractions were eluted, the eluant is given in parenthesis: 
(1) Orange solid (0.36 g) (ether-petrol 1:9 v/v). 	(2) Yellow 
solid (0.07 g) (ether-petrol 1:4 v/v). 	Fraction 1 was 
recrystallised from ethanol and identified as N-(o-njtro-
benzylidene)-p-anjsjdine (0.34 g, 67%),m.p.790 , having correct 
n.m.r. 	Fraction 2 was identified as 2 - (4 t--methoxyp  hen yl)- 
2,H-indazole (0.07 g, 16%) by n.m.r. and m/e (224) 
Reaction of Diethoxyphosphinopolystyrene with p-chloronjtro-
benzene in diethylamine. 	Diethoxyphosphinopo1ysty 	(5.45 
g) was prepared from bromopolystyrene (5.03 g, 4.12 mequiv 
Br/g) by the normal method. 
The resin (5.45 g), p -chloronjtrobenzene (0.54 g 0.003 mol) 
and diethylamine (75 ml) were stirred at ref lux for 180 h. 
The reaction mixture was filtered and the polymer washed with 
chloroform and ether,then dried. 	The recovered resin weighed 
5.69 g. 	The liquid phase and washings were combined and 
solvents removed under reduced pressure. 	The crude residue 
(0.47 g) was adsorbed on alumina and subjected to chromatography 
on an alumina column, when the following fractions were eluted, 
the eluant is given in parenthesis: (1) Yellow solid (0.29 g) 
(ether-petrol, 1:9 v/v). 	(2) Yellow oil (0.01 g) (ether- 
petrol, 1:1 v/v). 	(3) Yellow oil (0.10 g) (ether). 	Fraction 
1 contained two products in ratio 3:1, (g.l.c. peak size and 
n.m.r.) identified as p -chloronitrobenzene (0.20 g, 37%) and 
(0.09 g, 14%) by n.m.r. 
and g.l.c./m.s. (3% OV 1, 150 0  ), m/e 198. 	Fraction 2 was 
identified as p -chloronitrobenzene (0.01 g, 2%) by n.m.r. and 
g.l.c. retention time (3% OV1, 150 0 ). 	Fraction 3 was 	sub- 
jected to preparative t.l.c. on alumina, using ether-petrol 
(1:1 v/v) as developing agent, when the following were obtained: 
(1) Yellow oil (0.08 g) shown by n.m.r. and g.l.c./m.s. (3% OV1, 
J £_ 
225° ) to contain 5-chloro-2-diethylamino-3 H-azepine and 
one minor component which was not identified; (2) Yellow oil 
(0.01 g) shown by n.m.r. and g.l.c./m.s. (3% OV1, 225°C) to 
contain 5-chloro-2-diethylamino-3 H-azepine, p-chloroaniline 
and one minor component, having m/e 194, which was not 
identified. 
Reaction of Diphenylphosphinopolystyrene with excess p-chloro-
nitrosobenzene. 	Diphenyiphosphinopolystyrene (0.5 g, approx. 
0.87 rnequiv P/g, 	calculated on the basis  of change in weight), 
was swollen in dry benzene (10 ml) , and 4-chloronitrosobenzene 
(0.21 g) added. 	After stirring at room temperature for 12 h, 
the mixture was filtered and the resin washed with benzene, 
THF, chloroform, ethanol and ether. 	The liquid phase and 
washings were combined and the solvents removed on a rotary 
evaporator to give a brown solid (0.20 g). 	From the n.m.r., 
this was identified as a mixture of 44'-dichloroazoxybenzene 
and 4-chloronitrosobenzene in the molar ratio 1.21:1, equivalent 
to 0.52 minol of azoxy compound and 0.43 mmol of nitroso 
compound. 	On this basis the polymer loading was 1.04 mequiv 
P/g. 	This procedure was used routinely to determine the 
effective phosphorus content of other phosphorus-containing, 
resins. 
Reaction of p-Chloronitrosobenzene with Triphenyiphosphine 
in the presence of Polystyrene. 	p-Chloronitrosobenzene (0.43 
g, 0.003 mol) in benzene (20 ml) was added dropwise over 3 h 
to a stirred solution of triphenylphosphine (0.79 g, 0.003 mol) 
in benzene (30 ml) in which had been suspended polystyrene 
resin (4.00 g). 	After 12 h, the mixture was filtered and 
the resin washed with benzene, chloroform, 2-ethoxyethanol, 
ethanol, acetone, methanol, chloroform and ether. 	After 
drying the resin weighed 4.14 g. 	The liquid phase and washings 
were combined and solvents removed under reduced pressure to 
give a red viscous residue (1.05 g). 	This was adsorbed on alumi: 
and subjected to chromatography on an alumina column when the 
following fractions were eluted, eluants being given in 
parentheses: 	(1) Yellow solid (0.05 g) (petrol), identified as 
4,4'-dichloroazoxybenzene (0.05 g, 12%), having identical n.m.r. 
spectrum to that of an authentic sample. 	(2) Yellow solid 
(0.09 g) (ether-petrol, 1:9 v/v), identified as p-chloroaniline 
(0.09 g, 23%) on comparison of n.m.r. spectrum with that of 
an authentic sample. 	(3) Brown solid (0.80 g) (ether-petrol, 
1:1 v/v) 1 identified as triphenyiphosphine oxide (0.80 g, 95%), 
m.p.1570C from water), correct n.m.r. spectrum. 	(4) Red tar 
(0.08 g) (ether-methanol, 9:1 v/v) containing only polymeric 
residues. 
Flash Vacuum Pyrolysis of p -Chloronitrosobenzene through 
Diphenylphosphinopolystyrene. 	In a standard silica flash 
vacuum pyrolysis tube (30 cm x 2 cm) was packed diphenyl-
phosphinopolystyrene (1.7 g, 1.04 mequiv P/g) such that the 
resin formed a barrier several cm thick halfway along the tube. 
The polymer was held in place by plugs of silica glass wool. 
The tube was then placed in a flash vacuum pyrolysis apparatus 
and heated to 100 g . p -Chloronitrosobenzene (0.045 g, 0.32 minol) 
was slowly sublimed through the apparatus. 	No material 
condensed in the nitrogen cold trap during the experiment. 
ID If 
Upon the exhaustion of the p -chloronitrosobenzene in the 
inlet, the tube was allowed to cool and the polymer, which 
was now brown in colour, was removed, washed with benzene, 
chloroform and ether, then dried. 	The recovered resin weighed 
1.74 g. 
From the washings, after removal of solvents, was 
obtained a brown solid ( 0.004g) identified as 4.4 1 -dichloro-
azoxybenzene from the n.m.r. spectrum. 
The recovered polymer was suspended in HC1-saturated 
benzene (50 ml, approx.0.25M) and stirred at 60 0C for 12 h. 
After cooling,excess sodium hydroxide solution (1M) was added 
and the suspension stirred for 2 h. 	The mixture was filtered 
and the liquid phase extracted with ether (150 ml). 	The 
ether extract was washed with water, dried (NgSOL), then excess 
solvent removed to give a yellow oil (0.006 g) 	which was 
shown to contain p-chloroaniline (g.l.c. retention time (3% 
ovi, 1500) and n.m.r. spectrum). 
Control Experiment: Flash Vacuum Pyrolysis of p-Chloronitroso-
benzene through Polystyrene. 	Macroporous polystyrene (2 g) 
was packed in a flash vacuum pyrolysis tube as described in 
the preceding case. 	The tube was placed in the F.V.P. 
apparatus and p -chloronitrosobenzene (0.06 g) was sublimed into 
the tube. 	Upon completion of the experiment, unchanged p- 
chloronitrosobenzene (0.06 g, 100%) was recovered from the 
liquid nitrogen cold trap. 	The resin showed no discoloration 
and the weight was unchanged (2.00 g). 
Reaction of Diphenyiphosphinopolystyrene with p-Chloro-
nitrosobenzene in Diethylamine. 	To diphenyiphosphinopoly- 
styrene (3 g, 1.04 mmol P/g) in diethylamine (25 ml) was added 
p-chloronitrosobenzene (0.35 g, 0.0025 mol) in benzene (5 ml), 
rapidly with stirring. 	The colour immediately changed from 
dark green to bright yellow. 	The mixture was stirred at 
room temperature for 2 h then refluxed for 2 h. 	The polymer 
was filtered off and washed with chloroform and ether. 	The 
liquid phase and washings were combined : and excess of solvent 
removed under reduced pressure to give a dark yellow residue 
(0.37 g) . 	This was then adsorbed on alumina and chromato- 
graphed on an alumina column when the following fractions were 
eluted, the eluant being given in parenthesis: (1) Yellow 
solid (0.03 g) (petrol) . 	(2) Yellow solid (0.02 g) (petrol) 
(3) Yellow oil (0.28 g) (ether-petrol, 1:1 v/v) . 	(4) 
Brown oils (0.002 g) (ether) . 	(5) Brown solid (0.013 g) 
(ether-methanol, 9:1 v/v). 	(6) Brown tar (0.01 g) (methanol). 
Fraction 1 contained two compounds in the ratio 7:4, identified 
as 414'-dichloroazoxybenzene (0.021 g, 6%) and 2,2-diethyl- 
(4 '-chlorophenyl)hydrazine (0.009 g, 2%), by g.l.c./m.s. 
(3% OV1, 200 °C) and n.m.r. spectrum. 	Fraction 2 was identified 
as 4,4' -dichloroazoxyberizene (0.02 g, 6%) from the n.rn.r. 
spectrum. 	Fraction 3 was identified as 5-chloro-2-diethyl- 
amino-3 H-azepine (0.28 g, 57%) from n.m.r. and i.r. spectra 
and m/e 198, 200,(b.p.80 0/0.3 mmHg). Fraction 4 was not 
identified. 	Fraction 5 was shown to contain p-chloroaniline 
(0.013 g, M, having correct n.m.r. spectrum. 	Fraction 6 
contained only polymeric residues. 	The recovered polymer, 
which showed little discoloration, was dried (60 °C at 
0.02 mmHg) to constant weight (3.09 g). 
Reaction of Diphenyiphosphinopolystyrene with p-Chloronitroso-
benzene in Methanol. 	To diphenyiphosphinopolystyrene (3 g, 
1.04 mequiv P/g) in methanol (25 ml) was added a solution of 
pchloronitrosobenzene (0.35 g, 0.0025 mol) in benzene (5 ml), 
rapidly with stirring. 	After 2 h at room temperature and 
2 h at ref lux (65 °C), the suspension was filtered and the 
polymer washed with methanol, chloroform and ether. 	The 
liquid phase and washings were combined and excess of solvent 
removed on a rotary evaporator to give a dark brown solid 
(0.15 g). 	This was adsorbed on alumina and subjected to 
chromatography on alumina, when the following fractions were 
eluted, eluants being given in parentheses: (1) Yellow solid 
(0.03 g) (petrol),identifjed by n.m.r. spectrum as 4,4 1 - 
dichloroazoxybenzene (9%) . 	(2) Yellow solid (0.02 g) 
(ether-petrol, 1:9 v/v) identified as 2,4-dichloroanjline 
H 4.05(br s, NH 2 , 2H) 6.55-7.35 (m, aromatic, 3H) 
m/e 161, 163 (g.l.c./m.s. 2% Carbowax 20M, 200 0C). 	(3) 
Brown solid (0.01 g) (ether) identified as a chloroanisidine 
(3%) but not fully characterised. 	6  3.7(br s, 2H), 3.95 
(s, 3H), 6.7-6.9 (m, aromatic, 3H), m/e 157, 159 (g.l.c./m.s. 
2% Carbowax 20M, 200 0C). 	(4) Brown solid (0.04 g) (ether- 
methanol, 9:1 v/v) identified as p - h1oroaniline (13%) from 
the n.m.r. spectrum and g.l.c./m.s. (2% Carbowax 20M, 200 0C) 
m/e 127, 129. 	(5) Brown tar (0.04 g) (methanol). 
The recovered polymer, which was heavily discoloured 
brown, was dried in vacuo at 75 °C to constant weight (3.28 g). 
Reaction of Triphenyiphosphine with p -Chloronitrosobenzene 
in the presence of N-Phenethylpiperazine. 	To N-phenethyl- 
piperazine (8 g, 0.042 mol) and triphenyiphosphine (2.45 g, 
0.009 mol) in dry benzene (50 ml) was added,dropwise with 
stirring 1 a solution of p-chloronitrosobenzene (1.2 g, 0.009 
mol) in dry benzene (25 ml). 	After the addition was complete, 
the mixture was stirred at room temperature for 6 h. Excess 
solvent was removed under reduced pressure, and the residue 
dissolved in ether, from which triphenylphosphine oxide 
crystallised out and was filtered off (2.03 g). 	The ether, 
was removed on a rotary evaporator and the residue (9.9 g) 
subjected to chromatography on alumina. 	The following 
fractions were eluted, eluants being given in parentheses: 
(1) White solid (0.21 g) (petrol) . 	(2) Orange solid (0.24 
g) (petrol). 	(3) Yellow solid (0.14 g) (petrol-ether, 9:1 v/v), 
(4) Yellow oil (1.38 g) (petrol-ether, 3:1 vlv). 	(5) White 
solid (0.11 g) (ether). 	(6) Yellow oil (6.7 g) (ether- 
ethanol, 4:1 v/v). 	(7) Brown tar (0.26 g) (ethanol). 
Fraction 1 was identified as triphenylphosphine (0.21 	g, 	9%) 
from the n.m.r. spectrum. Fraction 2 contained 4A'-dichloro- 
azoxybenzene (0.24 g, 21%) identified from n.m.r. and i.r. 
spectra. 	Fraction 3 was identified as p-chloroaniline 
(0.14 g, 13%) . 	Fraction 4 was identified by n.m.r. as an 
azepine. 	Attempted distillation (250 °C, 0.01 mmHg) resulted 
in decomposition. 	The oil was dissolved in hexane, when a 
white waxy solid (m.p.49-50 0C) was obtained on standing. 
The compound was characterised as 5-chloro-4'-phenethyl-3 H-
2,1 '-piperazinylazepine (1.38 g, 52%). 	6 2.4-2.9 (m, 10H), 
J U 
3.53(br t, 4H), 5.08 (t of d, J 7Hz, J 1Hz, 4.-H), 5.71 
(d of d, J 8Hz, Jt 1Hz, 6-H) , 7.40 (d, J 8Hz, 7-H), 7. 18(br 
	
S, aromatic, 5H). 	m/e 315 and 317. 
Reaction with picric acid resulted in the formation of 
a yellow solid. 	On warming this dissolved followed by the 
formation of a second, more intense yellow,solid. Recrystal-
lisation from isopropanol gave the dipicrate (Found: C, 46.56; 
H, 3.78; N, 15.98. C30H28ClN 9 0 1' requires C, 46.55; H, 
3.65; 	N, 16.28%). 
Fraction 5 was identified as triphenyiphosphine oxide 
(0.11 g, 4%) from the n.m.r. spectrum. 	Fraction 6 was 
identified by n.m.r. as N-phenethylpiperazine (6.7 g). 
Fraction 7 contained only polymeric residues. 
Reaction of Triphenyiphosphine with p -Chloronhtrosoberizene 
in the presence of Benzylmethylamjne. 	To a stirred solution 
of triphenyiphosphine (5.26 g, 0.020 mol) and benzylmethyl-
amine (12.12 g, 0.10 mol) in dry benzene (50 ml), was added 
dropwise p -chloronitrosobenzene (1.42 g, 0.010 mol) in dry 
benzene (25 ml). 	The mixture was stirred at room temperature 
for 12 h and excess solvent removed on a rotary evaporator. 
The residue was subjected to chromatography on alumina when 
the following fractions were eluted, the eluants given in 
parenthesis: (1) Orange solid (2.45 g) (petrol) identified as 
tziphenylphosphine (47%) by n.m.r. 	(2) Dark red oil (1.29 
g) (petrol) containing an azepine and a number of other 
products, from n.m.r. and g.l.c. (3% OV1, 150 °C). 	(3) 
Benzylmethylarnine (10.97 g, 91%) identified from n.m.r. and 
i.r. spectra. 	(4) White solid (2.69 g) shown to be 
triphenyiphosphine oxide (48%) from the n.m.r. spectrum. 
Fraction 2 was rechromatographed on silica and eluted 
with ether-petrol (1:4 v/v) when the following were obtained: 
Dark red oil (0.29 g) characterised as 2-benzyl-2-methyl-
1-(4 '-chlorophenyl)hydrazjne (12%) 	(Found: M 246.093859, 
C1H1 5 35 C1N 2 requires m/e 246.092370) 	6  2.42 (s, Me), 
3.77 (s, -CH 2 -), 4.38(br s, -NH-) 6.82 and 7.12 (AB, J 8Hz, 
aromatic, 4H) , 7.27 (s, Ph-, 5H) 
, Vma (film) 3450 cm- 
1  (N-H) 
Brown oil (0.07 g) not identified. 	(3) Brown oil (0.06 
g) not identified. 	(4) Yellow oil (0.75 g) which was 
distilled to give 5-chloro - 1,3 -dihydro-2,H_azepjn -2-one 
(0.09 g, 6%), b.p.135 0C at 0.002 mmHg, identified from n.m.r. 
and i.r. spectra and rn/e 143 and 145, and 2 -benzylmethylamjno-
5 -chloro-3,H-azepjne (0.61 g, 25%), b.p.155 0C at 0.002 mmHg, 
m.p.53.5-54.5 0C (from hexane) 	(Found: C, 68.03; H, 6.26; 
N, 11.25. 	C 14 H 15 C1N 2  requires C, 68.15; H, 6.13; N, 11.35%) 
H 2.05(br d, J 7Hz, 3-H2), 2.98 (s, Me) , 4.59 (s, -CH 	, 
5.08(br t, J 7Hz, 4-H), 5.75 (dd, J 8Hz, J' 2Hz, 6-H) 
7.06-7.38 (m, 6H) . 	(5) Yellow oil (0.11 g) identified as 
p-chloroaniline (9%),having correct n.m.r. and i.r. spectra. 
Reaction of Triphenylphosphjne with p -chloronitrosobenzene 
in the presence of N -methylaminomethylpolystyrene. 	To N- 
methylaminomethylpolystyrene (4.63 g, 0.6 mmol N/g) and 
triphenyiphosphine (1.31 g, 0.005 mol) in dry benzene (25 ml) 
was added p -chloronitrosobenzene (0.71 g, 0.005 mol) in dry 
benzene (45 ml) . 	The mixture was stirred at room temperature 
for 12 h then the resin was removed and washed with benzene, 
acetone, benzene-acetone (1:1) and ethanol. 	The liquid phase 
and washings were combined and solvents removed under reduced 
pressure to give a brown solid (1.79 g), which was subjected 
to chromatography on alumina. 	Elution with ether-petrol 
(1:1 v/v) gave the following fractions: (1) Yellow solid 
(0.19 g) identified as 4.4 1-dichloroazoxybenzene (28%) from 
the n.m.r. spectrum. 	(2) Yellow solid (0.12 g) shown to be 
p-chloroaniline (19%) from the n.m.r. spectrum. (3) White 
solid (1.36 g) identified as triphenyiphosphine oxide (98%) 
from the n.m.r. spectrum. 
The recovered resin (4.81 g), methyl iodide (14 g, 0.1 mol) 
and acetonitrile (50 ml) were refluxed (81 °C) for 2 h, then 
stirred at room temperature for 12 h. 	The polymer was 
removed by filtration and washed with methylene chloride, 
chloroform, ethanol, methanol and ether and dried. 	The liquid 
phase and washings were combined and excess solvent removed 
under reduced pressure to give a brown solid (0.08 g) . 	This 
was shown to contain triphenyiphosphine oxide and polymeric 
material only, by t.l.c. (alumina/ether) and n.m.r. 
The resin was suspended in 2-methoxyethanoj. (50 ml) 
containing aqueous potassium hydroxide (50 ml, 2M) and stirred 
at room temperature for 72 h. 	The polymer was removed, 
washed with water, ethanol, methylene chloride, chloroform 
and ether, and dried in vacua to give 5.12 g of resin. The 
liquid phase and washings were combined and the solvents 
removed under reduced pressure to give a brown residue (0.01 
g) . 	Examination by n.m.r. and g.l.c. (3% OV1) showed no trace 
of the desired 5 -chloro- 1,3--dihydro_1._methyl_2 H-azepin-2-one. 
Reaction of Diphenyiphosphinopolystyrene with p-Chloro-
nitrosobenzene in the presence of N-methyl (aminornethylpoly-
styrene); a Three Phase Test. 	N-Methyl(aminomethylpoly- 
styrene) (10 g, 1.51 mequiv N/g) and diphenyiphosphinopoly-
styrene (5 g, 1.65 mequiv P/g) were swollen in dry benzene 
(50 ml) . p-Chloronitrosobenzene (0.71 g, 0.005 mol) in 
benzene (50 ml) was added dropwise with stirring. 	After 
addition was complete the suspension was stirred for 12 h at 
room temperature. 	The mixture was filtered and the resins 
washed with benzene, THF, chloroform, methylene chloride and 
ether then dried (15.46 g) . 	From the liquid phase and washings 
a yellow solid (0.24 g) was isolated. 	This was subjected to 
chromatography on alumina, when the following fractions were 
eluted, eluants are given in parenthesis: (1) Yellow solid 
(0.04 g) (petrol); 	(2) Yellow solid (0.02 g) (petrol-ether, 
9:1 v/v); 	(3) Yellow solid (0.1 g) (ether); 	(4) Brown oil 
(0.07 g) (methanol). 	Fraction 1 was shown to contain 
4A' -dichloroazoxybenzene (0.04 g, 6%) identified by n.m.r. 
and g.1.c. retention time (3% OV1, 225 °C). 	Fraction 2 was 
identified as 4,4 1-dichloroazoxybenzene (0.02 g, 3%) from the 
n.m.r. spectrum and g.l.c. retention time. 	Fraction 3 con- 
tamed p-chloroaniline (0.1 g, 16%). 	Fraction 4 contained 
only tars and polymeric residues. 
The recovered resins were suspended in acetonitrile (100 
ml) containing methyl iodide (50 ml) and the suspension 
ref luxed for 3 h (80 °C), then stirred at room temperature for 
12 h. 	The mixture was filtered and the resins washed with 
benzene, chloroform, methylene chloride and ether, then dried. 
I L. 
From the liquid phase and washings was obtained a brown 
oil (0.02 g) which g.l.c. showed to contain several components, 
none of which were identified. 
The resin was suspended in ethoxyethanol (100 ml) and 
aqueous potassium hydroxide (50 ml, 2N) and the mixture 
stirred at room temperature for 12 days. 	The suspension was 
filtered and the polymer washed with chloroform, acetone, 
methanol and ether then dried under vacuum to a final weight 
of 15.62 g. 
The liquid phase and washings were reduced in volume and 
partitioned between water and chloroform. 	The organic layer 
was dried (MgSO) and solvent removed to give a brown oil 
(0.09 g). 	Examination by g.l.c. (3% OV1, 225 °C) showed this 
to contain a number of components, none of which, however, 
was the required azepinone. 	The oil was not worked up 
further. 
3.3 Supported Phosphinates in Olefin Synthesis 
Reaction of Carbethoxy (methoxy) phosphinylpolystyrene with 
Benzaldehyde. 	The phosphinate-containing resin (2.70 g) 
and ri-butyl lithium (8 ml, 1.6M solution in hexane) in dry 
THF were stirred at -78 °C, for 1 h (resin turned dark brown 
in colour) then benzaldehyde (1.31 g, 0.012 mol) in dry 
TIff (30 ml) added slowly with stirring (restoring the 
original yellow colour of the resin) . 	The mixture was 
allowed to warm then stirred at room temperature for 2.5 h 
then refluxed for 2.5 h. 	G.l.c. of the reaction mixture 
showed small peaks identified as the(E)and(Z)isomers of 
ethyl cinnamate by comparison with retention times of 
authentic samples (10% PEGA, 180 °C) . 	The major product was 
identified as benzyl alcohol, m/e 108, from g.l.c./m.s. (10% 
PEGA 180°C). 
The mixture was filtered and the resin washed with THF, 
ethanol, methanol, ether and methanol. 	The liquid phase and 
washings were combined, excess solvent removed, and water added 
to the residue. 	Extraction with ether and removal of excess 
solvents gave a yellow oil (0.77 g). 	This was shown to 
contain benzyl alcohol and benzaldehyde (4:3 mixture) from 
n.m.r. spectrum and g.1.c..,, ratio of peak sizes. 	The polymer 
was dried in vacuo (60 0C) to constant weight (2.58 g). 	The 
i.r. spectrum showed only a faint absorption at 1730 cm- 1 
however a strong band at 3300 cm- 1  was now present. 
Control Experiment: Reaction of Ethyl methoxy(phenyl)phos-
phinylacetate with Cyclohexanone. 
A. 	Using Sodamide as base. 	To a suspension of sodamide 
(1.5 g, 0.038 mol) in dry DME (20 ml) was added a solution of 
ethyl methoxy(phenyl)phosphjnylacetate (6.1 g, 0.025 mol) in 
DME (20 ml), whilst maintaining the temperature below 20 0C. 
The suspension was stirred at room temperature for 1 h, 
resulting in an orange-yellow solution being formed. 	To 
this was added cyclohexanone (2.5 g, 0.025 mol) in dry DME 
(20 ml) dropwise whilst keeping the temperature below 30 0C. 
After stirring for 0.5 h, resulting in the formation of a 
yellow precipitate, the reaction mixture was taken up in an 
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excess of water (200 ml) and extracted with ether (2x150 ml). 
The extract was dried (MgSO) and the ether removed to give 
a yellow oil (3.57 g). 	The oil was distilled at 90 0C at 
0.35 mmHg, to a colourless oil (2.96 g). 	Examination by 
g.l.c.,, g.l.c./m.s. (10% PEGA, 150 °), and n.m.r. showed this to 
be a mixture of ethyl A1_cyclohexane acetate, ethyl Lx'-
cyclohexeneacetate, methyl A1_cyclohexaneacetate and methyl 
Lx'-cyclohexeneacetate in the ratio of 9:9:1:1, ratio of peak 
areas. 
Using Sodium Ethoxide as base. 	The phosphinate (3.5 g, 
0.015 mol), sodium ethoxide (0.99 g, 0.015 mol) and dry DME 
(30 ml) were stirred for 1 h, then cyclohexanone (1.42 g, 
0.015 ml) added dropwise with stirring. 	After stirring for 
0.5 h the reaction mixture was worked up as described for A 
above to give a colourless oil (2.11 g). 	Examination by 
g.l.c., g.l.c./rn.s. (10% PEGA, 180 °C) and n.m.r. showed this 
to contain ethyl 11_cyclohexaneacetate and unreacted cyclo-
hexanone in the ratio of 5:1, ratio of peak areas. 	A trace 
(<1%) of methyl A"-cyclohexaneacetate was also detected by 
g.l.c. 
Using n-Butyl Lithium as base. 	The phosphinate (5.0 g, 
0.021 mol) , n-butyl lithium (12.90 ml of 1.6M solution, 0.021 
mol) and dry benzene (10 ml) were stirred with external cooling 
(-78 0C) for 1 h. 	A white precipitate formed. 	Cyclohexanone 
(2.06 g, 0.021 rnol) was then added. 	After 0.5 h the reaction 
was worked up as in A above to give a yellow oil (3.73 g). 
Distillation (71 °C/0.2 mmHg) afforded a colourless oil (3.30 
Examination by g.l.c. (10% PEGA 150 0C) and n.m.r. 
showed the oil to contain ethyl 1 _cyclohexaneace tate , 
methyl A1a_cyclohexaneacetate and cyclohexanone in the ratio 
19:4:1, ratio from peak areas. 
Reaction of Carbethoxy (methoxy) phosphinylpolystyrene with 
Cyclohexanone. 	Carbethoxy (methoxy) phosphinylpolystyrene 
(4.58 g, prepared from 5.00 g of bromopolystyrene), n-butyl 
lithium (11.8 ml of 1.6M solution, 0.019 mol), tetramethyl-
ethylenediamine (2.16 g, 0.019 mol) and dry THF (30 ml) were 
stirred at -78 0C for 3 h, then cyclohexanone (1.85 g, 0.019 
mol) added and the mixture stirred for 12 h at room temperature. 
Examination by g.l.c. (10% PEGA/150 0C) showed only starting 
materials present. 	The mixture was refluxed (65 °C) for 4 h, 
filtered and the resin washed with THF,benzene and ethanol. 
The liquid phase and washings were combined and excess solvent 
removed. 	The residue was taken up in water and extracted 
with ether. 	From the dried ethereal extract was obtained a 
yellow oil (1.54 	g). Examination by g.l.c. 	and g.1.c./m.s. 
(10% PEGA, 100-200°C; and 3% OV1, 180°C) revealed traces 
(<1%) of the cyclohexaneacetates. 	Two major products were 
detected, both having m/e 178, and were identified as aldol 
condensation products of cyclohexanone, but were not charac-
terised further. 
The recovered resin was dried in vacuo to give 4.51 g 
of polymer, the infrared spectrum of which contained bands 
at 3400 cm 	(broad) and 1710 cm 1 . 
Reaction of Ethyl Diethoxyphosphinylpropjonate with 
Cyclohexanone. 
A. 	Sodium Ethoxide as base. 	To a solution of sodium 
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ethoxide (0.35 g sodium in 20 ml of ethanol) was added the 
phosphinate (3.57 g, 0.015 mol) and the mixture stirred for 
1 h. 	Cyclohexanone (1.48 g, 0.015 mol) was then added. 
After stirring for 1 h the mixture was taken up in water (80 
ml) and extracted with ether (3x50 ml). 	After drying (MgSO) 
and removal of solvent, a yellow oil (2.66 g) was obtained. 
This was shown by g.l.c. (10% PEGA, 150 °C) to comprise of one 
major product and some unreacted cyclohexanone. 	Distillation, 
at 55°C/0.2 mmHg, afforded a colourless liquid (2.50 g, 92%) 
identified as ethyl 2 -cyclohexylidenepropionate on the basis 
of i.r. and n.m.r. spectral agreement with literature data 124 
B,. 	n-Butyl Lithium as base. 	Ethyl diethoxyphosphinyl- 
propionate (2.38 g, 0.010 mol), n-butyl lithium (6.25 ml of 
1.6M solution, 0.010 mol) and dry benzene (10 ml) were stirred 
for 0.5 h at -78 0C. 	Cyclohexanone (0.98 g, 0.010 mol) was 
added and the reaction mixture stirred for 12 h (room tempera- 
ture). 	The solution was worked up as for A above to give a 
yellow oil (1.78 g). 	Analysis by g.l.c. (10% PEGA, 150 °C) 
indicated this to contain ethyl cyclohexylidenepropionate 
and some cyclohexanone. 	Distillation (55 °/0.2 mmHg) afforded 
ethyl 2-cyclohexylidenepropionate (1.48 g, 81%) identified by 
comparison with authentic specimen having identical g.l.c. 
retention time and n.m.r. and i.r. spectra. 
Reaction of Ethyl Ethoxy(phenyl)phosphinylpropionate with 
Cyclohexanone. 	The phosphinate (2.7 g, 0.010 mol) and n- 
butyl lithium (6.3 ml of 1.6M solution, 0.010 ml) were stirred 
in dry benzene (10 ml) for 0.5 h (-78 °C) then cyclohexanone 
(0.98 g, 0.010 mol) added. 	After stirring for 3 h (room 
77 
temperature) the solution was taken up in water (80 ml) and 
extracted with ether (3x50 ml). 	After drying and removal of 
solvent, a yellow oil (1.74 g) was obtained. 	Distillation 
(56 0/0.2 mmHg) afforded ethyl 2-cyclohexylidenepropjonate 
(1.58 g, 87%) identified by comparison with authentic, having 
identical g.l.c. retention time and n.m.r. and i.r. spectra. 
Reaction of [1-(carbethoxy) ethyl]ethoxyphosphinylpolystyren 
with Cyclohexanone. 
Using Sodium Ethoxide as base. 	To an ethanolic solution 
of sodium ethoxide (0.23 g sodium in ethanol, 20 ml) was added 
the phosphinate-containing resin (4.00 g), and the suspension 
stirred at room temperature for 2 h. 	Then cyclohexanone 
(0.98 g, 0.010 mol) was added and the suspension stirred for 
a further 12 h. 	The reaction mixture was examined by g.l.c. 
(10% PEGA, 150 °C), which showed only cyclohexanone to be 
present. 	No ethyl 2-cyclohexylidene propionate was detected. 
The resin was removed, washed with ethanol and dried in 
vacua to constant weight (3.92 g) . 	The infrared spectrum 
indicated a carbonyl function to be present (band at 1700 cm 1, 
n.b. phosphinate resin carbonyl band at 1730 cm 1 ). 	A broad 
absorption at 3400 cm -1  was also present. 
Using n-Butyl Lithium as base. 	The phosphinate resin 
(1.44 g) was swollen in dry benzene (10 ml) at -78°C and n-
butyl lithium (2.25 ml of 1.6M solution, 0.004 mol) added. 
After stirring for 1 h (the polymer became dark yellow in 
colour), cyclohexanone (0.35 g, 0.004 mol) was added and the 
reaction mixture stirred for 48 h (room temperature) . 	The 
mixture was examined by g.l.c. (10% PEGA, 150 0C) which 
showed a trace of cyclohexanone and a number of other peaks, 
none corresponding to ethyl cyclohexylidenepropionate however. 
The mixture was not worked up further. 
C. 	Using Sodium Hydroxide and Phase Transfer Catalyst. 
To the phosphinate resin (1.5 g) and cyclohexanone (0.35 g, 
0.004 mol) in benzene (5 ml) was added aqueous sodium hydroxide 
(3 ml of 50% solution) and tetrabutylarninonium iodide (0.04 g) 
as a phase transfer catalyst. 	The mixture was stirred at 
room temperature for 48 h. 	Analysis by g.l.c. (10% PEGA, 
150°C) revealed only cyclohexanone to be present. 	No other 
peaks were detected. 	The mixture was not worked up further. 
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4 	SILICA SUPPORTED REAGENTS 
4.1 Preparation of Supported Reagents. 
Activation of Silica support material. 	The silica was 
routinely activated before further use by the method of 
Tun do88 . 	The silica was ref luxed in concentrated hydrb- 
chloric acid solution for 8 h, washed with water until the 
washings were neutral, washed with acetone, dried at 800C 
in vacuo and stored in vacuo until required. 
Silica-supported Ethyldiphenylphosphine was prepared according 
to Allum et al. 	The following preparation was typical:- 
Silica (5 g) and 2- (triethoxysilyl)ethyldjphenylphosphine 
(3.51 g, 0.009 mol) were stirred in benzene (25 ml) for 48 h, 
then ref luxed (80°C) for 3 h. 	The silica was filtered, 
extracted with benzene for 24 h and dried in vacuo at 60 0C 
for 72 h. 	The recovered silica weighed 6.46 g. 	From the 
solvents was recovered the excess silyiphosphine (2.01 g, 
57%). 	Thus the silica contained 0.62 mmol P/g on the basis 
of unrecovered silane. 
In cases where the reaction times were longer, or a 
higher boiling solvent such as rn-xylene was used, some poly-
merisation of the recovered silane occurred. 	This was 
detected, and the extent determined, by examination of the 
n.m.r. spectrum. 
Silica-supported Carbethoxymethyiphosphonium bromide. 
Silica (4 g), carbethoxymethyl(2_triethoxysjlylethyl)diphflyl.... 
phosphonium bromide (6 g, 0.011 mol) and benzene (30 ml) were 
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refluxed for 6.5 h. 	The silica was filtered, extracted 
with benzene for 24 h and dried in vacuo . 	The recovered 
silica weighed 7.42 g. 	Excess phosphonium salt (2.10 g) 
was recovered from the solvents. 	Thus the silica contained 
0.97 mequiv P/g on the basis of unrecovered silane. 
Silica-supported Benzylphosphonium bromide 
Reaction of Silica with Silane. 	Silica (4 g),benzyl- 
(2-triethoxysilylethyl) diphenylphosphonium bromide (4.0 g, 
0.007 mol) and DME (25 ml) were ref luxed (85 °C) for 7.5 h. 
Silica was removed, extracted with benzene for 24 h and dried 
in vacuo . 	The silica weighed 6.64 g. 	Excess silane (0.59 
g) was recovered. 	On the basis of unrecovered silane, the 
silica contained 0.94 mequiv P/g. 
Reaction of Supported Phosphine with Benzyl bromide. 
Silica (11.3 g), containing diphenyiphosphine groups (approx. 
0.3 mequiv Pig), benzyl bromide (5.98 g, 0.035 mol) and dry 
benzene (50 ml) were refluxed for 3 h. 	The silica was 
removed, washed with toluene, chloroform and ether and dried. 
The recovered silica weighed 12.00 g. 	Benzyl bromide (5.34 
g) was recovered. 	The silica contained 0.31 mmol PhCH 2Br/g 
Silylation of Silica-diphenyiphosphine Reagent was carried 
out by refluxing the supported reagent with excess chioro-
trimethylsilane in benzene 
Typically, the phosphinated silica (61 g, 0.68 mequiv Pig) 
in benzene (150 ml) containing chlorotrimethylsjlane (50 ml) 
was ref luxed for 12 h. 	The silica was removed by filtering, 
washed with benzene, chloroform and ether, and dried in vacuo 
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at 80 °C. 	The recovered silica weighed 67.8 g (ie. 0.58 
mequiv P/g). 
4.2 Deoxygenation of p -Chloronitrosobenzene. 
Reaction of Silica-supported Phosphine with p-Chloronitroso-
benzene in Benzene. 	Silica (6.0 g), containing diphenyl- 
phosphine groups (0.3 mequiv Pig), pchloronitrosobenzene 
(0.75 g, 0.005 mol) and dry benzene (30 ml) were stirred for 
6 h at 20 °C, then ref luxed for 6 h. 	The silica was filtered 
off, washed with benzene, methylene chloride, chloroform, 
methanol and acetone then dried. 	The recovered silica weighed 
6.39 g. 
From the liquid phase and washings, a brown solid (0.43 
g) was obtained. 	This contained p -chloronitrosobenzene 
(0.22 g) and 4,4 1-dichloroazoxybenzene (0.21 g), identified 
from the n.m.r. spectrum (ratio of peak integrals). 
Flash Vacuum Pyrolysis of p -Chloronitrosobenzene through 
Diphenylphosphjne_functjofllj 	Silica. 	The silica (1.9 
g containing 0.36 mequiv P/g) was packed in an F.V.P. tube, 
such that a 1 cm barrier was formed. 	p-Chloronitrosobenzene 
(0.048 g, 0.34 mmol) was sublimed into the apparatus in the 
normal manner. 	Inspection revealed all the nitroso-compound 
to have reacted with the silica, which had become heavily 
discoloured yellow-brown. 	No material was detected in the 
cold trap fitted at the outlet. 	The recovered silica, after 
washing with methanol and benzene, and drying, weighed 1.94 
g. 	From the washings 441-dichloroazoxybenzene (0.013 9,14%) 
was obtained. 
When a control experiment was performed using unfunc-
tionalised silica, some slight yellow coloration occurred, 
however p-chloronitrosobenzene was recovered from the outlet 
cold trap in 95% yield. 
4.3 Reactions of Silica-supported Phosphoniuni salts with 
Aldehydes and Ketones: The Wittig Reaction 
Ethyl Cinnainate: General Procedure for Small-scale Reaction. 
To silica-supported carbethoxymethylphbsphoniuxn bromide (3 g, 
2.9 mequiv P) and benzaldehyde (0.29 g, 2.8 rnmol) in ethanol 
(15 ml), was added a solution of sodium ethoxide in ethanol 
(0.12 g Na, 5 mmol in 15 ml EtOH) and the suspension stirred 
at room temperature for 12 h. 	The resin was filtered off 	and 
the solvent removed under reduced pressure to give a yellow gum. 
This was taken up in water, extracted with ether, the ethereal 
extract dried (MgSO) and the solvent removed to give a yellow 
oil (0.44 g). 	Analysis by quantitative g.l.c. (10% PEGA, 
180 0C), using naphthalene as internal standard, showed this 
to contain benzaldehyde (0.013 g, 4.5%),(Z)-ethyl cinnamate (0.042 
g, 9%) and(E)-ethyl cinnamate (0.352 g, 73%), identified by com-
parison of retention times with those of authentic samples. 
Stilbene. 	This reaction, carried out using the supported 
benzylphosphoniurn salt (3.0 g, 2.8 mequiv) and benzaldehyde 
(0.27 g, 2.5 mmol), gave a yellow solid (0.50 g) shown by 
quantitative g.l.c. (3% OV1, 180 0C) (phenanthrene as internal 
standard) to contain(Z)-stilbene (0.074 g, 16%) and(E)-stilbene 
(0.274 g, 60%). 
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TABLE 1: 	Reaction of Silica Supported Phosphonium 
Bromides with Aldehydes 
-CH2CH2P(Ph)2CH2R Br ~ R1CHO 	-. base 
E - CH2CH2P( 0)Ph2 + R-CH _=CH--R' 
R R1 Conditions Yield 
% 0
 Ratio of  
CO2Et C 6 H 5 NaOEt/EtQH 82 11:89 
CO2Et C 6 H 5 NaOH(aq)/CH 2 c1 2 74 5:95 
C6H 5 C6H 5 NaOEt/EtOH 76 21:79 
C6H5 C6H5 NaOH(aq) /CH 2c12 62 18:82 
C6H5 NaOH(aq)/C 6 H 6 78 64:36 
C6H5 C6115 NaOEt/EtOH 89c 40:60 d 
C6H5 NaOEt/EtOH 85C 51:49 
Yields, based on the aldehyde, were obtained by 
quantitative g. l.c. 
Isomer ratios from g.l.c. 
C. Isolated yields from large-scale reactions. 
d. Isomers separated. 
Ethyl Cinnamate: Phase Transfer Conditions. 	Supported 
carbethoxymethyiphosphonjum bromide (4.5 g, 4.4 rnequiv) and 
benzaldehyde (0.4 g, 3.8 mmol) in methylene chloride (20 ml), 
and sodium hydroxide solution (5 ml of 10% w/v) were mixed 
and shaken vigorously for 12 h. 	Standard work-up gave a 
yellow oil (0.56 g) which was shown by quantitative g.l.c. 
(10% PEGA, 180 0C) to contain (Z)-ethyl cinnamate (0.028 g, 
4%) and(E)-ethyl cinnamate (0.463 g, 70%). 
Stilbene: Phase Transfer Conditions. 	Supported benzylphospho- 
nium salt (3.58 g, 3.4 mequiv P) and benzaldehyde (0.34 g, 
3.25 mmol) gave a yellow solid (0.42 g) containing(z)-stilbene 
(0.066 g, 11%) and(E)-stilbene (0.294 g, 51%). 
2-Styrylfuran: Phase Transfer Conditions. 	Supported 
benzylphosphoniuin salt (1.8 g, 0.90 mequiv P) and furfuraldehyde 
(0.086 g, 0.09 mmol) were reacted under phase transfer con-
ditions using 50% aqueous sodium hydroxide. 	After 24 h, 
the reaction was worked up to give a yellow oil (0.12 g). 
This was shown by n.m.r. to be the title compound (78%) as a 
mixture of E/Z isomers (1:2; by g.l.c. determination; 3% OV1, 
175°C) 
Stilbene: Preparative Scale. 	This reaction was carried 
out on a 5.5 mmol scale, using sodium ethoxide as the base. 
The crude product (0.99 g) was chromatographed on silica. 
Elution with light petroleum gave the following fractions: 
(1) Yellow oil (0.38 g). 	(2) Yellow solid (0.59 g). 
Fraction 1 was purified by ball-to-ball distillation, b.p. 
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C/0.1 mmHg, to give (Z)-stilbene (0.37 g, 35%); n.m.r.: 
6.7 (s, =CH-, 2H) , 7.3 (s, aromatic, 10H). 	Fraction 2 
o 
was recrystallised from ethanol to give(E)-stilbene (0.57 g, 
54%), m.p. 123-124 °C; n.nl.r.: 	6 7.1 (s, =CH-, 2H), 7.2- 
7.6 (m, aromatic, 10H). 
2-Styrylfuran: Preparative Scale. 	The reaction was carried 
out on a 5.5 minol scale, sodium ethoxide being used as the 
base. 	The crude product (0.71 g) was distilled, b.p. 100 0C/ 
0.8 mmHg, to give 2-styrylfuran (0.65 g, 85%) as a mixture 
of E/Z isomers in a 1:1 ratio (g.l.c. determination; 3% OV1, 
175°C); 	n.in.r. 	6 	 6.2-6.4 (m, 6H), 6.94 (d, J 6Hz, 1H, (Z) 
isomer) , 7.2-7.6 (m, 13H) 
4.4 Conversion of Alcohols to Alkyl Chlorides 
General Procedure for Small-scale Reactions. 	Silica-supported 
phosphine (4.5 g, 2.61 mequiv of P) and the alcohol (ca. 1 rnmol) 
in dry carbon tetrachloride (25 ml) were ref luxed for 2-3 h 
in an atmosphere of dry nitrogen. 	The reaction mixture was 
cooled, an internal standard added, and the mixture analysed 
by g.l.c. 	The results are outlined in Table 2. 
Conversion of 1-Decanol to 1-Chiorodecane. 	A mixture of 
1-decanol (0.32 g, 2 mmol) , silica-supported phosphine (16 g, 
4.8 equiv of P) and dry carbon tetrachloride (50 ml), was 
refluxed for 2 h in an atmosphere of dry nitrogen. 	Upon 
cooling, the mixture was filtered, and the resin washed with 
carbon tetrachloride (100 ml). 	The combined filtrate was 
concentrated to give a colourless liquid (0.33 g). Examination 
by g.l.c. (2% Carbowax 20M, 150 °C) indicated this to be a 
mixture of chlorodecane and decanol in a ratio of 4:1 (approx. 
ABLE 2: Conversion of Alcohols to Alkyl Chlorides 
Small Scale Reactions 	R-OH 	 R-Cl 
CC 14  
LI 
	Procedure  	 Analysis 	 Yield 
Internal 	Columnb  Temp 	% 
standard ( °c) 
hCH 2 - 
CH2 
?h2CH- 




G Biphenyl C 150 93 
A 
- C 150 97c 
G t-Butyl benzene S 100 79 
G Biphenyl S 185 95 
G Toluene S 60 64 d 
G - C 100 92 c 
G - C 75 93c 
B - S 315 e 
A - C 150 84c 
)tes 
G: General Procedure 
Silica (6 g, containing 0.19 mmol P), alcohol (0.75 mmol) 
and carbon tetrachloride (25 ml) ref luxed for 3 h. 
Silica (1.3 g, containing 0.75 mmcl P) , alcohol (0.3 inmol) 
and carbon tetrachloride (10 ml) ref luxed for 3 h. 
2% Carbowax 20M; S: 3% Silicone OV1. 
G.l.c. yields by Internal Normalisation. 
Cyclohexene, approx. 30%, was also formed. 
Products corresponded to elimination rather than substitution 
from g.l.c./m.s. data. 
by internal normalisation). 	Repeated ball-to-ball distilla- 
tion (b.p. 99 0C/11 mmHg) gave chiorodecane as a colourless 
oil (0.27 g, 77%) 
1-Chiorooctane. 	Octanol (0.59 g, 4.5 nunol), silica-supported 
phosphine (17.3 g, 10.0 mequiv P) and dry carbon tetrachloride 
(50 ml), were heated at reflux, under dry nitrogen, for 3.5 h. 
The mixture was worked up as for chlorodecane to give an oil 
(0.66 g). 	Distillation (ball-to-ball) afforded chlorooctane 
(0.61 g , 90%) as a colourless liquid (b.p. 73 C/11 mmHg) having 
correct n.m.r. and i.r. spectra. 
Tetrahydrofurfuryl chloride. 	Tetrahydrofurfuryl alcohol 
(0.46 g, 4.5 mmol), silica-supported phosphine (17.3 g, 10.0 
mequiv P) and dry carbon tetrachloride (50 ml) were refluxed, 
under dry nitrogen, for 3 h. 	Work-up, as for chiorodecane, 
gave a yellow oil (0.51 g). 	This was distilled to give 
tetrahydrofurfuryl chloride (0.38 g, 70%) as a colourless oil 
(b.p. 50-51 °C/18 mmHg). 	5H 1.6-2.2 (m, 4H); 3.5 (m, 2H, 
CH 2 -Cl) , 3.7-4.0 (m, 2H) , 4.0-4.3 (m, 1H) 
DISCUSSION 
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Scheme 2 (Ref 128) 
--I 
I 	INTRODUCTION 
The reaction between aromatic nitro-compounds and 
tervalent phosphorus reagents is believed to occur by the 
125 mechanism outlined in Scheme 1 	, thus paralleling the 
deoxygenation of nitrosoarenes. 	By studying the effects 
of different substituents, both in the aryl group and attached 
to phosphorus, on the rate of reaction, it was shown that the 
initial slow step probably involves nucleophilic attack by 
the phosphorus reagent 126 . 
The intermediacy of the nitrosoarene, whilst likely, has 
been difficult to prove, since it is deoxygenated at least 106 
127 times faster than the nitroarene under similar conditions 
The bulk of the evidence as to the involvement of the nitroso-
species arises from a comparison of the products derived from 
the reaction of both the nitro- and the corresponding nitroso-
compounds. 	In the reactions of nitroso-compounds, the situ- 
ation is made more complex by the fact that azo- and azoxy- 
compounds are usually produced 128. 	Azoxy-compounds are 
considered to occur via reaction of the nitrosoarene with the 
nitrene precursor (1), as shown in Scheme 2, rather than the 
alternative mechanism involving reaction of a triplet nitrene 
with a nitrosoarene. 	Support for this postulate comes from 
a study of deoxygenations carried out in the presence of diethyl 
129 amine, a highly efficient singlet nitrene trap 	. 	The 
formation of azoxyarenes from such reactions involving nitroso-
arenes is incompatible with the existence of a singlet nitrene, 
which would be trapped immediately and would be unlikely to 
exist long enough to undergo intersystem crossing to a triplet 
cl as:0
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Scheme 6 (Ref 132) 
nitrene. 	The formation of azoarenes in these reactions can 
be explained by the fact that phosphorus reagents are known 
to be able to deoxygenate azoxyarenes 130 . 
Neither azoxyarenes nor azoarenes are formed in the 
deoxygenation of nitro-compounds, since the concentration of 
the nitroso-aryl would be appreciably lower. 	Thus, if the 
fate of nitrosoarene not involved in the formation of azoxy-
arene is then examined, it is found that both nitro- and 
nitrosoarenes give identical products in similar yields. 
The products from deoxygenation reactions are best 
rationalised in terms of three species: the nitrene precursor 
(A), the nitrene (B), and the 7-azabicyclo-[4,1,0]-hepta_2,4,6_ 
triene (C), (Scheme 3). 	Thus, in the reaction of 2,6-djchloro- 
phenyl-2-nitrophenyl sulphide, the formation of 4-chloro-
phenothiazine is best explained as involving an intermediate 
of type (A), (Scheme 4)131• 	Similarly, the anilines isolated 
from the deoxygenation of nitro- and nitrosoarenes in the 
presence of diethylamine arise from protonation of (A) as 
shown in Scheme 5. 
The existence of intermediate (A) was neatly demonstrated 
by Brooke et al, 132 who showed that the same species could 
be generated, both from the reactions of phosphite with nitroso-
arene and of azide-generated nitrene with phosphate (Scheme 6) 
The similarity, as regards products, between deoxygenation 
reactions and the thermal or photolytic decomposition of azides 
is usually regarded as convincing evidence for the involvement 
of nitrenes in the former reactions. 	Thus, deoxygenation 
reactions typically result in products arising from hydrogen 





P(O Et) 3 	 O=P(OEt) 3 
Scheme 7 (Ref 133) 
from coupling of nitrenes with the tervalent phosphorus 
reagents 133 (Scheme 7). 	That phosphorus reagents, such as 
triethyl phosphite, appear to be particularly efficient traps 
for the nitrene (B) is demonstrated by the isolation of phos-
phorimidates and phosphoramidates from many deoxygenation 
reactions 92,127,128 
Of particular note are those reactions involving intra-
molecular cyclisation, in which the nitrene is generated in 
proximity to a suitable side-chain, resulting in the formation, 
initially at least, of a five-membered nitrogen-containing 
heterocycle 134 . 	In many instances, the reactions of both 
nitroarenes and the corresponding azides result in identical 
products being formed. 
The azabicycloheptatriene (C) is postulated as being 
involved in the formation of azepines from aryl-nitrenes 135 . 
From the available evidence, the intermediate (C) exists in 
equilibrium with the singlet nitrene (B), with the equilibrium 
lying heavily on the side of (C). 	When there is a suitable 
trap for (C) present, such as diethylamine, then the major 
pathway is via this intermediate, and only in the absence of 
such a trap do the reactions of the singlet nitrene and, via 
intersystem crossing, the triplet nitrene then assume importance. 
—PPh 2 	ArNO 	- 
0-N-Ar 
®[Trap] 
ArN: 	 ' 	)--[AdductJ 
Scheme 8 
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Scheme 9 
2 	THE NITRENE INTERMEDIATE 
If the reaction of a nitrosoarene with a polymer-
supported phosphine is considered, then, as has been stated 
earlier, the possibility may exist of confirming the inter-
mediacy of an aryl nitrene (Scheme 8) . 	In such a reaction, 
any aryl nitrene would be polymer-free, unlike the nitrene 
precursor (A), and this fact could perhaps be utilised in a 
three-phase test. 
2.1 The Supported Phosphine 
The ability of the supported phosphine (2) to deoxygenate 
nitrosoarenes has already been established 136. 	Thus, from 
the reaction with p-chloronitrosobenzene, the only product to 
be isolated was 414 1 -dichloroazoxybenzene (35%), whilst the 
weight-increase of the resin accounted for the remaining 65% 
of the starting material. 	The reaction between p-nitronitroso- 
benzene and supported phosphine when carried out in the presence 
of triphenylarsine 137 failed to yield any arsinimine and the 
only polymer-free products isolated were the azoxyarene (<2%) 
and p-nitroaniline (6%). 	In the light of these results, the 
reaction of supported phosphine with nitrosoarenes was re-
examined in greater detail. 
p-Chloronjtrosobenzene was chosen as a suitable nitroso-
arene since the p-chloro substituent exerts a mesomeric elec-
tron-donating effect which is known 	to promote the 
decomposition of (A) to the nitrene (Scheme 9). 
When the deoxygenation reaction was carried out using 
the supported phosphine and a three-fold excess of p-chloro-
nitrosobenzene, the yield of 4,4'-dichloroazoxybenzene was 
increased to 95%. 	In this instance, the nitrene precursor 
(A) was efficiently intercepted by nitrosoarene. 	Thus, it 
would appear that in the absence of a suitable trap for (A), 
extensive reaction occurs between some intermediate and the 
polymer suport. 
The reaction of nitrosoarenes and triphenyiphosphine is 
commonly reported as giving varying yields of a brown amorphous 
solid 
127
, which is formed from both reactants and apparently 
occurs when alternative reactions, such as azoxyarene formation 
or hydrogen abstraction, are denied to the intermediates 
involved. 
Thus, in order to establish whether an analogous reaction 
is responsible for the polymer-bound material, the deoxygenation 
of p-chloronitrosobenzene by triphenyiphosphine was carried 
Out in the presence of polystyrene resin. 	The yield of 
azoxyarene fell to 12% and p-chloroaniline (23%) was formed. 
More importantly, 95 0c of the phosphine was recovered as 
phosphine oxide while the weight-increase of the resin accounted 
for 24% of the nitrosoarene. 	This result showed that, in 
this case, any resin-bound material did not involve a phosphorus-
containing species, and must therefore have arisen from a 
reaction between the polystyrene and some species derived from 
the nitrosoarene. 	One obvious rationale involves C-H bond 
insertion 138 byanaryl nitrene to give a resin-bound amine, and 
this is supported by the simultaneous formation of p-chloro-
aniline via hydrogen abstraction by the nitrene. 	The resin- 
bound amine may then react with the azabicyclointermediate to 
produce a resin-bound azepine. 






resin-bound material is considered to arise via a similar 
mechanism. 	However, the extent of reaction with the resin 
increases, as would be expected, since all the reactive species 
is now generated at a site inside the polymer which is surroundec 
by suitable C-H bonds. 	As a result, the extent of hydrogen 
abstraction falls as observed. 
The use of a polymer-supported phosphine allowed the 
deoxygenation reaction to be attempted in a gas phase flow 
system using a standard flash vacuum pyrolysis apparatus (Fig. 
1). 	Thus, if a discrete aryl nitrene is produced in the 
reaction, by minimising the contact time between the nitrene 
and the resin, the likelihood of C-H bond insertion and hydrogen 
abstraction may be reduced in favour of alternate nitrene/ 
azabicycloheptatriene reactions. 	Suter 139 has shown that the 
azabicycloheptatriene produced from the photolysis of phenyl 
azide in tetrahydrofuran is relatively stable and able to 
survive numerous molecular collisions before being trapped by di-
ethylamine. The singlet nitrene which is generated, always 
immediately forms the azabicyclointermediate in an equilibrium 
step, and only in the absence of suitable traps for this 
species do the reactions of singlet and triplet nitrenes 
assume importance. 
Crow and co-workers 140 have observed the formation of 
cyanocyclopentadiene as the major product from the vapour phase 
pyrolysis of phenyl azide. 	Aniline and azobenzene were also 
formed via the triplet nitrene, when the singlet nitrene diffused 
away from the hot area of the tube. 
When p-chloronitrosobenzene was sublimed through a layer 
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collected in the nitrogen cold-trap. 	The resin, after 
extensive washing, gave only 4 ,4 1-dichloroazoxybenzene (9%), 
with the remainder of the material being resin-bound. 	In 
order to detect any phosphinimine which may have been produced, 
the resin was subjected to a hydrolysis procedure which resulted 
in 15% of p-chloroanjline being obtained. 	In a control experi- 
ment which used unfunctionalised polystyrene, p-chloronitroso-
benzene passed rapidly through the resin barrier and was 
recovered in 100% yield from the cold-trap. 	A very similar 
set of results were obtained when silica was used as the support 
material. 	In the case of the supported phosphine no products 
were isolated from the cold-trap though subsequent washing of 
the resin yielded 29% of 4,4' -dichloroazoxybenzene. 	When the 
experiment was repeated using unfunctionaljsed silica, the cold-
trap yielded 95% of the starting nitrosoarene. 
Thus, the gas phase deoxygenation reaction failed to reduce 
the extent of reaction with the polymer and, in fact, succeeded 
in increasing it. 	These results can be explained either in 
terms of a very facile reaction between an aryl nitrene and 
the polymer or solely in terms of the nitrene precursor (A) 
(Scheme 10) 
Despite the disappointing results that were obtained, the 
gas phase flow experiment did show that the initial reaction 
between the phosphorus moiety and the nitrosoarene had occurred. 
The problem, in this instance, is associated with the reactivity 
of the product towards the support. 	Accordingly, this use of 
polymer-supported reagents in gas phase reactions is worthy 
of further investigation. 
In an attempt to identify the species involved in reaction 
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Scheme 11 (Ref 144) 
with the support, the reaction between diphenyiphosphinopoly-
styrene and p-chloronitrosobenzene was carried out using 
diethylamine as solvent. 	In addition to the azoxyarene and 
aniline derivatives normally found, 5 1-chloro-2-diethylamino-
3H-azepine (57%) was isolated, together with a trace (2%) of 
2,2-diethyl-(4 ' -chlorophenyl)hydrazjne. 	Significantly, the 
reaction between the nitrosoarene derived species and the 
polymer support was totally suppressed. 
Azepine formation as described above is considered to 
occur via nucleophilic attack by diethylarnine on the azabicyclo- 
141 heptatriene intermediate 	, while the phenylhydrazine is 
thought to result from direct insertion by the nitrene into 
the N-H bond of diethylamine. 	In this connection it is note- 
142 worthy that Sundberg 	has reported a trace of 2,2-diethyl- 
1-phenyihydrazine to be formed from the deoxygenation of 
nitrosobenzene by triethyiphosphite in methanol-diethylamine 
mixtures. 
Methanol has also been used to trap the azabicyclointer-
mediate generated via the photolysis of phenyl azide 143 , the 
product being 2-methoxy-311-azepine, 	Indeed, Matsumoto 144  
has reported that methanol is a more satisfactory trap than 
diethylamine for nitrenes generated by the photolysis of 
anthranils (Scheme 11) 
Sundberg 145 found, however, that the deoxygenation of 
nitrosobenzene by triethylphosphite in methanol gave no normal 
azepine product but that good yields of o- and p-anisidines 
were formed instead. 	These are postulated as arising from 
protonation of the intermediate (A) and subsequent attack by 
methanol or methoxide ion on the benzene ring, as illustrated 
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Ph 
in Scheme 12. 	Sundberg demonstrated the importance of the 
protonation step by adding small quantities of acetic acid to 
various alcohols, ethanol, isopropanol, methoxyethanol and 
t-butanol, none of which give alkoxyanilines without the acid, 
and all of which do in the presence of the acid. 
More recently, Masaki et al. ' 46 reported the formation 
of 2-alkoxy-3H-azepines in good yields from the reaction of 
nitrobenzene and tributylphosphine in the presence of various 
alcohols. 
When the reaction between p - chloronitrosobenzene and the 
polymer-supported phosphine was carried out in methanol, no 
azepinyl product was detected. 	Only small amounts of 2,4- 
dichloroaniline and chioroanisidine were obtained, indicating 
that most of the material (>70%) had reacted with the resin. 
These results suggest that any reaction giving resin-bound 
products must occur after the formation of the azabicyclo-
intermediate (C), since this is trapped in high yield by 
diethylamine. 	The reaction with the resin is postulated as 
involving the free nitrene (B) , which reacts with one of the 
many alkyl C-H bonds present in the polymer support(Scheme13). 
Generally speaking, intermolecular insertion of an aryl 
nitrene into a C-H bond is normally a minor reaction in com-
parison to competing pathways, and yields of amine rarely 
exceed 	 147 Consequently, the observed extent of apparent 
insertion into the resin is greater than would be expected 
for normal C-H insertion, and the explanation of this may be 
found in the phenomenon known as diffusion restriction. 
Polymer resins are known to restrict the mobility of small 
molecules imbibed within them, due to their internal viscosity148 
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and therefore, any nitrene generated within the matrix will 
have a much lower mobility than its solution analogue. 
Consequently the probability of reaction with the resin is 
increased at the expense of alternate nitrene reactions. 
The results of the gas-phase deoxygenation are consistent 
with this explanation. 	In the absence of solvent, the resin 
is unswollen so that its internal viscosity is increased and 
the extent of resin reaction increases compared to those 
reactions in which a solvent is used. 	The high degree of resin 
reaction which occurred when methanol was used as solvent may 
be linked to its poor swelling capacity. 
The occurrence of a reaction between the intermediate 
and the support, in the absence of an 'on-site' trapping agent, 
was, at this stage, forseen as a serious problem with the 
three-phase test. 	Nonetheless the experiment was designed 
and attempted. 
2.2 The Supported Trapping Agent 
Secondary amines have proved consistently to be the most 
suitable nucleophilic trapping agents for the azabicyclohepta-
triene intermediate 94 for two reasons. 	Firstly, they have a 
lone pair of electrons available to form a bond with th 
positive centre, and secondly, as soon as this bond has formed, 
an acidic proton becomes available to react with the negatively 
charged nitrogen (Scheme 14). 
Accordingly, a polymer-supported secondary amine was 
chosen as the final component of the three-phase test. 	As 
no examples of supported secondary amines were known, the 
synthesis of such species had to be initially undertaken. 
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Several routes were studied and these are shown in Scheme 15. 
The first method involved the monoalkylation of piperazine. 
N-Phenethylpiperazine can be prepared, in moderate yield, from 
the reaction of phenethyl bromide with piperazine114. 	When 
the reaction between p-chloronitrosobenzene and triphenyl-
phosphine was carried out in the presence of this amine, the 
corresponding 2 -piperazinyl-substituted azepine (3) was formed 
in 52% yield. 	Unfortunately, neither piperazine nor its 
monosodium salt could be induced to react with (2-bromoethyl)-
polystyrene and consequently an alternate supported ainire was 
sought. 
Subsequent strategies were directed towards the synthesis 
of N-methylaminomethylated polystyrene (4), the solid-phase 
analogue of benzylmethylamine. 
Using benzylmethylamine to trap the intermediate 3-chloro-
7-azabicyclo[4.1 .O]hepta-2,4,6-triene resulted in the isolation 
of the expected 2-benzylmethylamino_azepine (25%), together 
with the hydrazine derivative (5) and 5-chloro-1,3-dihydro-
2H-azepin-2-one (6) in 12% and 6% yields respectively (Scheme 
16). 	This last-mentioned compound appeared to be formed by 
hydrolysis of the azepine during chromatography on alumina. 
The first approach to a supported benzylmethylamjne 
analogue involved direct alkylation of methylamine by chloro-
methylpolystyrene, but the maximum functional yield that could 
be achieved was only 46% indicating that extensive dialkylation 
had occurred (Scheme 15, B). 
An alternative route involved the preparation and hydrolysis 
of a supported iminium salt, as outlined in Scheme 15, C. 
Aminomethylpolystyrene can be prepared from chioromethylpoly- 
styrene either via the Gabriel synthesis 118 or by conversion 
into cyanomethylpolystyrene and subsequent reduction with 
diborane. 	Reaction of alninomethylpolystyrene with benzaldehyde 
gave the imine derivative (7) in almost quantitative yield. 
Quaternisation using methyl iodide was achieved in 55% yield 
whilst the final hydrolysis step was successfully accomplished 
in 90% yield. 	The overall conversion from the amino- to the 
ZV -methylamino-functionality was 48%. 
The third route to N -methylaminomethylpolystyrene involved 
the formation and subsequent reduction of an imine, as shown 
in Scheme 15, D. 	Formylpolystyrene could be obtained either 
from broinopolystyrene via lithiation and subsequent reaction 
with N,N -dimethylformamide 53 or from chloromethylpolystyrene 
using sodium bicarbonate in DMSO 5 . 	The latter method was 
found to be more successful and gave a cleaner product in 90% 
yield. 	However, despite repeated treatment with methylamine, 
its conversion into the imine was only 48% successful. 	In the 
final step, sodium borohydride was used to reduce the imine 
functionality as well as the residual aldehyde groups, to give 
a resin containing not only ]V-methylaminomethyl groups but 
presumably hydroxymethyl moieties. 	However, since 2-alkoxy- 
3B-azepines are known to result from nucleophilic attack by 
alcohols on the azabicyclointermediate (C) 146 , the presence 
of the alcohol groups was not considered to be a serious draw-
back. 	In the proposed three-phase system, protonation of 
intermediate (A) by the alcohol would, of course, be precluded. 
2.3 The Three-phase Test 
The normal method of detecting any trapped intermediate 
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is by cleavage of the adduct from the solid phase followed 
by structure determination of the modified adduct by normal 
techniques. 
In the case of polymer-bound amines, it was intended to 
execute this cleavage step by hydrolysis. 	Both 2-amino- 94 
and 2 -alkoxy--3H-azepines 146 are readily hydrolysed to the 
corresponding 1,3 -dihydro-2H_azepin_2_ones by water or wet 
solvents (Scheme 17). 
Alternatively, the quaternisation of 2-aminoazepines with 
methyl iodide followed by basic hydrolysis leads to 1,3-dihydro- 
94 1-methyl-211-azepin-2-ones 	(Scheme 18). 
With a feasible system in hand, it was now possible to 
attempt a three-phase test and hopefully demonstrate the 
formation of a free nitrene from the reaction of nitrosoarenes 
with tervalent phosphorus reagents. 	The proposed test is 
outlined in Scheme 19. 
When the three-phase test was carried out, the resins 
were found to have captured 75% of the nitrosoarene, with - 4.4 1 -
dichloroazoxybenzene (7%) and p-chloroaniline being isolated 
from the solution phase. 	The quaternisation and hydrolysis 
reactions, however, led to an increase in resin weight and failed 
to release any azepinone. 	A subsequent control experiment, 
which used triphenylphosphine and supported amine, gave very 
similar results, suggesting that either the resin reaction did 
not involve azepine formation or that azepine formation had 
occurred but that the hydrolysis step failed. 
It seems unlikely that, if azepine formation had occurred, 
the subsequent hydrolysis would have failed, for although poly-
styrene resins themselves are hydrophobic in nature, the presence 
of amino and quaternary ammonium groups would be expected to 
decrease this hydrophobic nature. 	What seems more likely, in 
view of the earlier results, is that the resin reaction does 
not involve azepine formation but that another competing reaction 
is taking place. 	The most probable explanation is that the 
intermediate which is formed reacts with the, support material 
before it can diffuse out of the phosphine-containing polymer 
and into the amine-containing polymer. 
Since both supports used in the three-phase test were 
identical, it was not possible to achieve their separation and 
consequently determine in more detail, the extent to which each 
reacted with the nitrosoarene derived species. 
In conclusion,it would appear that the three-phase test 
is unsuited to the detection of nitrene intermediates in deoxy-
genation reactions of nitrosoarenes apparently because of their 
reactivity towards the supports themselves. 	It must be emphasise 
however, that the failure of the test does not rule out the 
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3. 	POLYMER-SUPPORTED PHOSPHONITES AND PHOSPHINATES 
3.1 Supported Phosphonites in Deoxygenation Reactions 
The deoxygenation of nitroarenes by phosphorus reagents 
is postulated to occur via the initial formation of a nitroso-
arene, which subsequently reacts further with the tervalent 
phosphorus reagent. 	It was reasoned that by using a polymer- 
supported phosphorus reagent, the properties of site isolation 
and diffusion restrictionmay hinder the migration of the 
nitrosoarene from the site of its formation to another phosphorus 
site and so limit the rate of its deoxygenation sufficiently 
for it to be intercepted and trapped. 	In this respect, the 
phenanthrene alkaloid thebaine (8) has been used successfully 
to trap nitrosoarenes by a Diels-Alder cycloaddition reaction 149  
as shown in Scheme 20. 
Nitroarenes are not normally deoxygenated by triphenyl-
phosphine and, in general, require much more forcing conditions, 
e.g. triethyl phosphite in boiling cumene. 	Thus, in order to 
examine the deoxygenation of nitroarenes, it was necessary to 
obtain a polymer-supported analogue of triethyl phosphite. 
It proved possible to prepare dialkoxyphosphino_functioalj5e 
resins from bromopolystyrene via lithiation and reaction with 
dialkyichiorophosphonites, as outlined in Scheme 21. 
Little direct evidence could be obtained to show that the 
phosphorus was present as the dialkoxyphosphino-function. 	The 
infra-red spectra of the resins contained absorption bands at 
1030 cm- I assigned to the P-O-C group. 	The subsequent activity 
however, of these resins, both in nitrosoarene deoxygenation 
and phosphinate formation with alkyl halides,is consistent only 
Table 1 : Deoxygencition of 	Nitroarenes by 
Supported Phosphorus Reagents. 
H 2 + ArNO 2 
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R 	 Ar 	 Product 	Yield(%) S.M.( 
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_2- 0 Me 	IIIIJ 0 	
71 GXN
Et 	Cl 	 C1-3---NH-NEt 2 14 	39 
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Bis-o-- cumyl (4%) also isolated, resin 
weight increase accounted for 35% of S.M. 
EtNH present, weight-increase of resin 
corresponded to 44% of S.M. 
with the presence of a supported phosphonite. 
The dialkoxyphosphino-substituted resins could be stored, 
under nitrogen and with the exclusion of moisture, for several 
weeks with no apparent loss of activity. 	The 'active phosphorus 
content was readily determined by 'titrating' a sample of resin 
with excess p- chloronitrosobenzene and determining the amount 
of azoxyarene produced. 	Normally the active phosphorus so 
determined was found to be between 85-95% of the total phosphorus 
content of the resin. 
Initial studies, in which the resins were reacted with 
various nitroarenes in cumene, gave surprising results. 	Very 
little deoxygenation of the substrates occurred (Table 1), while 
the recovered polymers were completely inactive towards p- 
chloronitrosobenzene. 	In two cases, the first involving the 
deoxygenation of 4 -methoxyphenyl-2-nitropheny]. •sulphide and 
the second, p-chloronitrobenzene in the presence of diethyl-
amine, extensive resin reaction occurred, as determined by 
the weight-gain of the resin. 
In view of the inability of the recovered resins to 
deoxygenate p -chloronitrosobenzene it would appear that a 
pentavalent phosphorus species is formed during the attempted 
deoxygenation of the nitroarene, without apparently the removal 
of oxygen from the nitrogen. 	An obvious candidate for such 
an event is to be found in the Arbusov rearrangement of dialkyl 
aryiphosphonites to alkyl alkylaryiphosphinates, as depicted 
in Scheme 22, although the reason as to why this should occur 
with the supported phosphonite is unclear. 	The Arbusov re- 
arrangement is normally effected by using an alkyl halide, and is 
considered to occur via a pentacoordinate species which then 
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Scheme 24 (Ref 151) 
collapses to a phosphonium salt. 	Decomposition of this salt 
gives the rearranged product together with another alkyl 
halide 150 (Scheme 23). 	Thus, only a catalytic amount of alkyl 
halide is required. 
Aryl halides are not reactive towards phosphonites, so the 
rearrangement is unlikely to involve residual p-bromo-function-
alities present in the resin. 
The Arbusov rearrangement can also occur in the absence of 
alkyl halides. 	Trialkyl phosphites are reported to be stable 
towards isomerisation upon heating at 120 °c, but at 200°C tn-
methyl phosphite undergoes 100% conversion into dimethyl 
methyiphosphinate (Scheme 24) 151 	It is thought that such 
reactions are catalysed by small amounts of phosphinates or 
152 alkyl halides already present in the system as impurities 
Examples of phosphonite isomerisation in the absence of 
alkyl halides are known and are probably catalysed by impurities 
153,154 such as the phosphinate 	. 	The true thermal rearrangement 
of ordinary, pure, phosphonites does not occur until temperatures 
0 	 155 of 240 C or higher are reached 
In the reaction of dimethyl phenylphosphonite with 4-
methoxyphenyl-2'-nitrophenyl sulphide, examination of the 
reaction mixture by 31 P n.m.r. spectroscopy indicated that some 
methyl methylphenylphosphjnate had been formed, albeit only in 
approximately 4% yield. 	Thus, it would appear that an Arbusov 
rearrangement had occurred to some extent under the normal 
conditions required for deoxygenation. 	This process may be 
enhanced in the case of the polymer-supported phosphonites, 
and result in rearrangement rather than deoxygenation. 	Such 
catalysis could be caused by impurities formed in the poly- 
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merisation reaction and which are not removed by normal washing. 
Alternatively, small amounts of side-products such as the 
phosphonate moiety, -P(0) (OR) 2 , may be produced during the 
functionaljsation of the resin, and may be responsible for 
the catalysis of the observed rearrangement. 	This would imply 
that extensive interaction is occurring between the phosphorus 
sites on the resin, while at the same time these sites are, in 
some way, isolated from the nitrosoarene. 
3.2 Polymer-supported Phosphinates 
One of the most synthetically important reactions of 
tervalent phosphorus esters is the formation of PO-contining 
compounds via the Michaelis-Arbusov rearrangement. 	The use 
of these compounds, or rather the derived PO-stabilised carb-
anions, has come to rival that of phosphonium ylides as the 
method of choice for the regiospecific synthesis of olefins 101 ' 
156 	
Mechanistically, the olefinationreaction, which is 
commonly known as the Homer 157 or Wadsworth-Emmons reaction 158 
closely resembles the Wittig reaction,as illustrated in Scheme 
25. 	Phosphoryl-activated olefinations, however, exhibit 
156 several advantages when compared to the latter 	. 	In 
particular, PO-stabilised carbanions are much more nucleophilic 
than their phosphonium ylide counterparts and so they react with 
a wider range of carbonyl compounds under milder conditions. 
Normally phosphonate carbanions (9) are employed, reflecting 
their convenient preparation from the widely available trialkyl 
phosphites, though phosphonyl-stabilised carbanions (10) have 
also been used. 	Very few examples exist in the literature of 
phosphinate carbanions (11) being used in olefin formation, 
?,OEt 	 i5ase 
PhP 	 - 




87% (Ref 160) 
0 	0 	0 	 0 ii ii I I i)base 
(EtO)2PCH2PCH2P(OEt)2 	' 	RCH=CHP(OEt) 2 
OEt 








_PoR1 ) 2 
R 1 = Me 
R 1 = Et 
2 	 0 	1 




(14)R' Me R 2 H 
(15)R 1 Et, R2=Me 
Scheme 27 
0 OR 	 0 /OR 	 fl/ OR 
	
II/ 	 II 
PhP\ PhP\ PhP 
OR 	 "H 
(16) 	 (17) 	 (18) 
although these reagents appear to perform successfully 159-161  
as shown in Scheme 26. 
Thus, the availability of polymer-supported phosphonites 
offered the possibility of obtaining supported phosphinates 
which could then be used in olefin synthesis. 	Such species 
would then combine the particular advantages of both supported 
reagents and phosphoryl-stabilised olefin synthesis as 
previously described. 
In the event, the supported phosphinates were readily 
obtained via the Michaelis-Arbusov reaction. 	Treatment of 
the phosphonite-containing resins (12 and 13) with ct-bromo- 
esters gave the corresponding phosphinates, as outlined in Schem€ 
27. 	The infra-red spectra of the recovered resins exhibited 
a strong carbonyl absorption band at 1730 cm- 1 indicating that 
the required reaction had occurred. 	Minor absorptions were 
also present at 2600 (P-OH) and 2300 cm- 	These were 
probably due to small amounts of impurities formed during the 
reaction. 	Similar reactions involving dimethyl and diethyl 
phenyiphosphonites were shown, by 31 P n.m.r. spectroscopy, to 
produce small quantities of alkyl alkylphenylphosphinate (16), 
dialkyl phenyiphosphonate (17) and alkyl phenyiphosphinic acid 
(18). 
The Wadsworth-Emmons reaction was attempted by treating 
the phosphinate resins with base followed by addition of the 
carbonyl reagent. 	Normal olefin formation, however, did not 
take place. 	When phosphinate (14) was treated sequentially 
with n-BuLi then benzaldehyde, only trace amounts of the 
expected (E)- and (Z)-ethyl cinnamate were formed. 	Instead the 
major product isolated was benzyl alcohol (34%). 	A plausible 
PhCHO 
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explanation for the formation of the latter is shown in 
Scheme 28, and is thought to involve a Cannizzaro type reaction. 
However no corresponding oxidised product could be detected 
among the reaction products. 
Examples of phosphorane-catalysed Cannizzaro reactions 
are known. 	For example, Sen Gupta has observed that butylidene- 
triphenyiphosphorane (19) reacts with furfuraldehyde in ether 
to give furfuryl alcohol and 2-furoic acid 161 . 
In order to avoid this problem, cyclohexanone was used 
as the carbonyl compound in the olefiñation reactions. 	In 
these instances the alkoxy(phenyl)phosphinate carbanions (20, 
21) gave high yields of the corresponding cyclohexylideneesters 
(Scheme 29). 	In one case when . a slight excess of base was 
present, some isomerisation was observed to take place, giving 
the cyclohexenacetate (22)162. 	It was also found that ethyl 
methoxy(pheny1)phosphiny1acette gave varying amounts of 
methyl cyclohexylideneacetate via transesterifjcatjon. 
Following these successes the reactions were repeated using 
the supported phosphinates, but with disappointing results. 
When either sodium ethoxide, or sodium hydroxide under phase 
transfer conditions, was used as the base, cyclohexanone was 
recovered unchanged. 	The use of n-butyl lithium as the base 
resulted in the cyclohexanone undergoing an aldol condensation. 
It is difficult to rationalise the failure of olefin 
formation in this system, without firstly obtaining more data 
on the supported phosphinate resins and their derived carb-
anions. 	The situation is made more difficult by the lack of 
physical techniques applicable to insoluble polystyrene resins. 
For this reason, any further study on supported phosphinates, 
and indeed phosphonites, would be best carried out using 
soluble resins. 	This would allow the reactions to be monitored 
by normal techniques, e.g. 13 C or 3 1 P n.m.r. 	Thus, those 
effects, such as diffusion restriction and site-isolation, 
which are due to the crosslinking or tertiary structure may 
be differentiated, to some extent, from those due to the 
chemical reactivity of the monomer units. 
CH 2 CH 2 PPh 2 
(23) 
(Et O) 3 Si- 
Ph 2 PH 
h-v 
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4. 	SILICA-SUPPORTED REAGENTS 
As described in the introductory chapter (Section 1.5), 
silica has occasionally served as a support material in place 
of polystyrene. 	The growing interest in supported transition 
metal catalysts has led to the development of several silica-
supported species and,in particular,supported phosphines such 
39 as (23). 	Unlike polystyrene-supported phosphines however, 
the silica-supported phosphines have seen little application 
in organic synthesis. 	In an attempt to remedy this situation, 
several reactions of silica-supported phosphines were examined. 
The supported phosphine (23) was prepared by the standard 
sequence of reactions shown in Scheme 30. 	This reagent was 
successfully employed in the deoxygenation of nitrosoarenes. 
As with the polystyrene supported analogue, however, extensive 
reaction occurred between the nitrene and the polymer in the 
absence of added trapping agents. 	Nitrene insertion into 
alkyl C-H bonds was again the most likely explanation. 
In general, the synthetic applications of polystyrene-
supported phosphines have been limited to two types of reaction, 
namely Wittig olefination and alcohol to alkyl chloride con-
versions, as described in chapter 2 of the Introduction. 	For 
this reason, the use of the silica-supported phosphine (23) 
was examined in both of these reactions. 	In this way a 
reasonable comparison could be made between the polystyrene-
supported and the silica-supported reagents. 
4.1 Silica-supported Wittig Reactions 
The solid-phase Wittig olefin synthesis, involving 
0 	 P Ph 2 X - 
(24) 
A:- 	 -o 
- (R'0) 3 Si PPh 2 
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Scheme 31 
polystyrene-supported phosphonium ylides and aldehydes or 
54-60 ketones, has been reported by several groups 	. Widely 
varying results, however, are obtained depending on the 
particular reaction conditions and the polymer used. 	In this 
respect the use of silica rather than polystyrene in the 
supported Wittig reaction has several practical advantages. 
Firstly, the variation in yields associated with crosslinking 
and resin swelling are eliminated when using a rigid support. 
Secondly, if necessary the phosphoniurn salt can be preformed 
and then bonded to the support, and thirdly, silica is consider-
ably cheaper than polystyrene. 
One further point of interest, as regards any modification 
of the Wittig reaction, is the effect upon the stereochemistry 
of the alkene produced. 	The results from polystyrene-supported 
reactions suggest that little or no variation in stereoselectjvjt 
occurs. 	However this situation may be altered by the use of 
silica-supported ylides. 
The initial step in the silica-supported Wittig reaction 
involves the formation of the supported phosphonium salts (24). 
In this case two routes to these species become possible, as 
shown in Scheme 31. 	The first route (A) involves reaction of 
the supported phosphine with the halide, and is the normal 
method for supported Wittig reactions. 	In the second route 
(B), the phosphonium salt is preformed and then reacted with 
the silica. 	The latter route allows the phosphonium salt to 
be chemically characterised if required. 	Both routes were 
used in this work with equal success. 
Both benzyl bromide and ethyl bromoacetate reacted with 
[ 2- (triethoxysilyl)ethyl]djphenyphosphine to give, in each case, 
®— O — SiCH2CH= PPh 2 
CH 2 R 
Ph 
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one single compound (by 31 P n.m.r.) in high yield (Scheme 32). 
The salts were then reacted with silica 39 to give the supported 
phosphonium salts with the loadings being around. 1 milli-
equivalent of phosphorus per gram in each case. 
Benzyl bromide reacted quantitatively with the silica-
supported phosphine to give the benzylphosphonium salt via 
route (A). 
In theory, two possible phosphonium ylides (25 and 26) 
could be formed from these phosphonium salts (Scheme 33). It 
was reasoned, however, that the formation of (25) would be 
unlikely to compete with that of (26) as the former would be 
destabilised by the electron-donating character of the Si-C- 
163 
moiety , whereas the latter would be stabilised by the 
electron-withdrawing effeàt of the phenyl or carboethoxy 
groups. 
The ylides were generated from the phosphonium salts in 
the presence of the aldehyde by reacting with either sodium 
ethoxide or, under phase transfer conditions, aqueous sodium 
hydroxide, and in each case olefin formation occurred in good 
yield. 	The results are summarized in Table 1 (page 83 
It was necessary, due to some degradation of the silica 
by the strong bases used, to partition the product between 
water and ether. 	The contaminants formed by degradation were 
thus removed, in the aqueous phase, from the olefin products. 
Concerning the results, several points merit comment. 
Firstly, in several cases, the product isolated using the 
described work-up procedure was essentially pure olefin. 
Secondly, the reactions involving phase-transfer conditions 
proceeded in the absence of an added catalyst. 	Some hydrolysis 
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of the phosphonium salt most probably occurred, but the 
products, ethyl acetate and toluene, could not be detected 
and were most likely removed in the work-up. 
The stereoselectjvitjes found for each of the silica- 
supported reactions were not signfiicantly different from those 
66,164 obtained in conventional reactions 	. 	In the reaction of 
the stabilized ylide (27) , the (E)-alkene was formed almost 
exclusively. 	The moderately reactive ylide (28) also gave 
predominantly the (E)-alkene on reaction with benzaldehyde. 
This slightly greater than normal preference for (E)-alkene 
formation is probably due to the effect of replacing one of 
the phenyl groups on phosphorus by the 2-silylethyl moiety. 
The reaction of ylide (28) with furfuraldehyde produced a slight 
excess of the (Z)-alkene, as does the normal Wittig reaction. 
Finally, several reactions were carried out on a preparative 
scale, with encouraging results. 	Both stilbene and 2-styryl- 
furan were obtained cleanly and in high yield using the supported 
ylide (28) (Scheme 34) 
4.2 Alcohol to Alkyl Chloride Conversions 
The reagent system triphenyiphosphine in carbon tetra-
chloride has proved to be a mild and efficient method for 
66(a) 
the chlorination of alcohols , and this has led to the applica- 
tion of polystyrene-supported phosphines in the reaction 67-70  
as described in the introduction. 	A typical example is 
illustrated in Scheme 35. 
After the success achieved with silica-supported Wittig 
reagents, the study of the silica-supported phosphine (23) was 
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Phosphine (23) when suspended in carbon tetrachloride, 
was indeed found to effect the conversion of alcohols to alkyl 
chlorides, thus mimickir the polystyrene-supported phosphine 
systems previously reported 6770 . 
Prior to using the silica-supported phosphine in the 
conversion reaction, any free surface silanol groups, which may 
interfere, were removed by silylation using chlorotrimethyl- 
165 silane 	(Scheme 36). 
The conversions were achieved by boiling the alcohol in 
carbon tetrachloride containing an excess of supported phosphine, 
and in the case of the preparative reactions, the work-up con-
sisted simply of filtering and evaporating the solvent. 	In 
general, high yields of chlorides were obtained (see Table 2, 
page 86 ) from primary alcohols, but with secondary alcohols 
elimination proved to be a major side reaction. 	Thus, cyclo- 
hexanol gave cyclohexene (30%) while cholesterol gave mainly 
elimination products rather than the expected chloride. 
Similar results have been reported for cholesterol using the 
triphenyiphosphine-carbon tetrachloride reagent 166 (Scheme 37). 
4.3 Summary 
The results obtained using the silica-supported phosphine 
in both the Wittig olefination and alcohol to alkyl chloride 
conversions serve to illustrate the applicability of silica-
supported species in general organic synthesis. 	In the light 
of this work, it is considered that silica-supported reagents 
may be used, with success, in many of the applications which, 
at present, utilise polystyrene-supported reagents. 	The rigid 
•jjq 
support network eliminates the problems associated with 
crosslinking and solvent-swelling. 
Moreover the support is compatible with combinations of 
hydrophobic and hydrophilic solvents and organic and 
inorganic reagents. 	Its use, therefore, removes the difficul- 
ties encountered when using polystyrene supports with inorganic 
reagents and hydrophillic solvents. 
In conclusion, it is felt that the use of silica as a 
support material for organic reagents merits further study. 
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